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Abstract
The present work is an attempt to improve the characterization and quan-
tification of the performance of dielectric barrier discharge (DBD) plasma
actuators for aerodynamic flow-control applications. Existing measurement
and evaluation strategies, together with additional new approaches have
been applied and are discussed extensively. Novel scaling numbers are in-
troduced that yield universal and partly non-dimensional key quantities
for an improved evaluation of the electrical discharge characteristics and of
the environmental influences about the behavior of plasma actuators. The
existing strategies to quantify the momentum transfer from the plasma to
the surrounding air are reviewed and have been applied to achieve a com-
prehensive and comparative analysis of the respective differences based on
experimentally obtained data. Direct and implicit as well as differential
and integral force estimation approaches are discussed. To counteract in-
fluences of the environment on the discharge and thus assuring constant
plasma-actuator performance, a closed-loop control circuit of the electri-
cal setup is introduced and successfully demonstrated in a proof-of-concept
experiment.
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Kurzfassung
Ziel dieser Arbeit ist die Verbesserung der Charakterisierung und Quan-
tifizierung des Arbeitsverhaltens von dielektrischen Barriereentladungs-
plasma-Aktuatoren im Hinblick auf Anwendungen zur aerodynamischen
Strömungskontrolle. Bei den durchgeführten Untersuchungen kamen beste-
hende und neue Mess- und Auswertungsstrategien zur Anwendung, die aus-
führlich diskutiert werden. Es werden neuartige Maßzahlen eingeführt, die
als universelle und teilweise dimensionslose Kenngrößen eine verbesserte
Evaluierung der Leistungsfähigkeit von Plasma-Akuatoren gestatten. Mit
Hilfe dieser neuen Kennzahlen ist sowohl eine zuverlässige Erfassung von
Entladungszustand und -intensität als auch eine präzise Beurteilung der
Umgebungseinflüsse auf das Verhalten des Plasma-Aktuators möglich. Im
Rahmen einer umfangreichen Vergleichsstudie fanden Experimente zur
Quantifizierung der Impulsübertragung vom Plasma auf die umgebende
Luft statt. Dabei kamen alle aktuell exisitierenden Verfahren zur An-
wendung. Sie werden auf der Basis der erhaltenen experimentellen Daten
gegenüberstellend analysiert. Besondere Beachtung findet dabei sowohl die
Trennung von direkten und indirekten Methoden als auch die Unterschei-
dung zwischen integralen und differentiellen Verfahren zur Bestimmung der
Kraft. Um dem Einfluss der Umgebungsbedingungen auf die Gasentladung
entgegenzuwirken, wurde das vorhandene elektrische Plasma-Aktuator-
system um einen Regelkreis erweitert, dessenWirksamkeit an einem Beispiel
erfolgreich demonstriert wird.
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1 Introduction
1.1 Motivation
Dielectric barrier discharge (DBD) plasma actuators have been proposed
for a wide range of flow control situations, although they have yet to reach
the true application stage. An overview of possible applications is provided
by Moreau [155] or Corke et al. (e.g. [45, 46]). Despite the large num-
ber of recent publications on this topic, there still remain some very basic
questions regarding performance, effectiveness and efficiency of these actu-
ators, which up to now have only been addressed in an ad hoc or empirical
manner. There are several reasons why these questions should now be an-
swered more systematically and the present study examines especially the
electrical quantities as a measure of actuator performance.
The first motivation for being more precise about how optimal an actu-
ator is performing is simply to achieve the most effective flow control. For
most applications the effectiveness of the actuator will depend on the mo-
mentum imparted into the boundary layer by the actuator and maximiza-
tion of this quantity will normally be desirable and beneficial. However,
another important reason for being more quantitative about the actuator
performance is the increasing need to compare actuator designs and effec-
tiveness between different research groups and geometric configurations. ’A
widely accepted standard for plasma actuators does not exist’, as recently
reported by Little et al. [144] in the context of comparability. Up to now
there have been no non-dimensional parameters suggested to characterize
actuator operation and this renders direct comparison of results from dif-
ferent studies much more difficult. Finally, by quantifying the actuator
performance, models for the induced body forces used in numerical simu-
lations can be more realistic and can take into account the actual actuator
operational conditions.
It is the objective of the present work, partly already published or pre-
sented [124–130], to provide guidelines how to characterize and quantify
the performance of dielectric barrier discharge plasma actuators, thus con-
tributing to an improved documentation and prediction of discharge-based
flow control in aerodynamic applications.
1
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1.2 Organization of the Thesis
Chapter 2 provides a brief introduction into plasma physics, broken down
step by step from the general classification of plasmas to the gas-discharge
application of DBD plasma actuators for aerodynamic flow control.
Chapters 3 and 4 address the discharge specific quantities involved in the
operation of plasma actuators, i.e. electrical and optical characterization
of the discharge. Existing methods are reviewed and extended to obtain
novel quantities, which can serve as robust measures for the discharge per-
formance and its quantification.
The momentum transfer of the discharge device to the surrounding air
is discussed in Chapters 5 and 6. Direct thrust measurements as well as
implicit body-force determination approaches are applied to provide a com-
prehensive overview of existing momentum transfer estimation strategies.
Derived from differential and integral approaches the respective character-
istics are extensively discussed in a comparative analysis.
The plasma actuator is commonly assumed to manipulate the airflow
but not vice-versa. In Chapter 7 it is demonstrated that this in fact is
an oversimplification. Moreover, a novel closed-loop circuit for the elec-
trical plasma-actuator setup is introduced to counteract such performance
changes and to assure constant performance regardless of the environmental
influences.
State-of-the-art reports corresponding to the respective research topics as
discussed in Chapters 3-7 are embedded in the introductory paragraphs and
alongside the discussion of results and insights of the respective chapters
to put the present work into context with respect to existing literature.
Finally, Chapter 8 summarizes the main insights and conclusions and
gives an outline for possible future efforts to achieve further improvements
of characterization, application and optimization of dielectric barrier dis-
charges for aerodynamic flow control.
2
2 Dielectric Barrier Discharge Plasma
Actuator
In Section 2.1 a brief overview is given concerning plasma characteristics
and in particular dielectric barrier discharges in order to classify the DBD
plasma actuator. Subsequently, in Section 2.2 working principles and typ-
ical applications of the DBD usage for flow control applications are de-
scribed, which are finally classified and quantified with respect to perfor-
mance and efficiency in Section 2.3.
To gain a more detailed and comprehensive insight into plasma physics
and gas discharges the reader is referred to related literature (e.g. Raizer
[182], Hollahan and Bell [100], Roth [189, 190]).
2.1 Physical Background
In physics and chemistry the term plasma describes fully and partly ion-
ized gases and is also commonly known as the fourth state of matter. Since
the transition from gas to plasma occurs smoothly, the latter state usually
consists of electron gas, ion gas and neutral gas. Ionized gases span a wide
range of thermodynamic properties and regimes, which can be found in
different environmental scenarios as well as in various (industrial) applica-
tions. Therefore, further distinction and classification of plasmas is made
in the following, to identify the characteristics of DBD plasma actuators
within the property and parameter space of plasmas.
2.1.1 Classification of Plasma
At macroscopic scales plasmas are quasi-neutral, i.e. the concentrations of
positive and negative charges are approximately equal (Hollahan and Bell
[100]). At microscopic scales this is not necessarily the case, since despite
the large-scale equality, space charges are possible within a particular range.
The characteristic quantity to distinguish these two scales is the Debye
3
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length
λD =
(
ε0kTe
ne2
) 1
2
, (2.1)
where ε0 = 8.854 × 10−12 C/(Vm) is the permittivity of free space, k =
1.381× 10−23 J/K is Boltzmann’s constant, Te is the kinetic electron tem-
perature, n is the electron number density and e = 1.602 × 10−19 C is
the electronic charge. The Debye length λD defines the spatial range of a
plasma, which can comprise a charge imbalance [100]. Furthermore, λD, re-
ferred to as Debye shielding distance, characterizes the thickness of sheaths,
which form between plasmas and electrodes or walls (Roth [189]).
Plasmas are generally classified by their kinetic temperature T and num-
ber density of charged particles n. Such a classification is sketched in Fig-
ure 2.1 based on diagrams from Boeuf [25], Braithwaite [33], Hollahan and
Bell [100], Jolibois [108] and Smirnov [207]. Since the kinetic temperature
T specified in Kelvin [K] is an inconveniently small unit to quantify the
plasma temperature [189], the relation
kT ≡ eT ′ (2.2)
is commonly used to express the kinetic temperature T ′ in electron volt
units [eV]. Hence, 1 eV is equivalent to 11604 K based on the conversion
factor k/e. In contrast to the temperature Tg of neutral gases the different
species of an ionized gas can (but do not necessarily have to) have signif-
icantly different temperatures. For (thermodynamic) equilibrium plasmas
all electrons, ions and neutrals have identical temperatures Te = Ti = Tn,
which implies negligible amounts of energy fluxes within the gas. These
requirements are not satisfied for non-equilibrium plasmas, where the elec-
tron temperature is in the range of T ′e = 1 . . . 10 eV [26, 30], whereas the
temperature of ions and neutrals does not exceed ambient temperature
significantly, Ti ≈ Tn ≈ Tg ' 300 K [182]. This difference between elec-
tron and gas temperature is illustratively demonstrated by Kunhardt [131],
where the kinetic temperature of the neutral gas is shown to be insufficient
to cause skin burn.
The charge number density n quantifies the number of charges within a
particular volume of gas. The ratio
α =
ni
ni + nn
(2.3)
of the number density of ions ni and neutrals nn defines the degree of
ionization (Delobeau [50]). For weakly ionized gases (α  1) it can be
4
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Figure 2.1: Two dimensional classification of plasmas characterized by elec-
tron number density n and electron temperature Te (summa-
rized from [25, 33, 100, 108, 207]).
assumed that collisions mainly occur between charged and neutral particles
and those among charged particles can be neglected (Lifshitz and Pitaevski˘ı
[140]). The number of momentum transferring collisions per time scales
with the number of molecules within a given volume of gas as illustrated
by Christophorou and Olthoff [41]. Therefore, the collision frequency νm
is proportional to the density nn and consequently to the pressure p of the
gas
νm ∝ nn ∝ p, (2.4)
but is to a first approximation no function of the collision velocity (Smirnov
[206]).
Between two collisions the charges are accelerated in random directions.
Provided the presence of an (uniform) external electric field ~E, this random
motion is superimposed by a systematic motion along the direction of the
5
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field, which is referred to as drift (Raizer [182]). Averaging this motion over
many collisions yields the drift velocity
~vd =
{
µ~E, for positive charges;
−µ~E, for negative charges, (2.5)
where the mobility
µ =
e
mνm
(2.6)
is the proportionality coefficient between drift velocity and the electric
field [182]. Due to their heavy mass m and the corresponding inertia,
the mobility of ions is several orders lower than the electron mobility, i.e.
µi  µe. Note that (2.5) is valid for any electric field strength, since in
first approximation the mobility (2.6) is only a function of the collision
frequency but independent of the absolute collision velocity [206].
2.1.2 Gas-Discharges
To better understand plasma actuators as gas-discharge devices, this Sec-
tion provides some basic understanding of discharge states and mechanisms.
Former research on gas discharges mainly concentrated on low pressure dis-
charge tubes as depicted in Figure 2.2, which resulted in today’s well-known
fluorescent light tubes. For this relatively simple one-dimensional DC dis-
charge of such tubes and reactors the corresponding mechanisms can be
defined and distinguished precisely, as extensively described in the litera-
ture (e.g. Druyvesteyn and Penning [54, 55], Flügge [72, 73], Meek and
Craggs [150], Raizer et al. [183], Roth [189, 190]).
Vsupply
V
R
I
Figure 2.2: Electrical discharge tube (based on Francis [80]).
Plasma actuators, in contrast, are AC devices in the lower radio fre-
quency (RF) range with inhomogeneous and at least two-dimensional elec-
tric fields. This implies more complexity for the corresponding discharge
mechanisms and therefore does not allow an exact definition of the dis-
charge properties. Despite this difference, the discharge mechanism of the
6
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DC case can be assumed to properly describe the basics of the AC case as
well (Gadri and Roth [84]) and therefore is shortly outlined in the following,
closely based on the descriptions of Roth [189]1.
2.1.2.1 Voltage-Current Characteristic
Raising the voltage between the two electrodes of a low pressure discharge
tube according to Figure 2.2 leads to a nonlinear voltage-current interrela-
tion. A respective characteristic voltage-current curve is sketched in Figure
2.3, which contains different discharge regimes.
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Figure 2.3: Characteristic voltage-current curve for DC low pressure elec-
trical discharge tubes according to Roth [189].
Dark Discharges At very low applied voltage (A-B) only background ra-
diation contributes charges to the current flow. In this background
ionization regime an increasing amount of the thus generated charges
1It should be noted that in earlier literature (eg. Druyvesteyn and Penning [54], Francis
[80], von Engel [228]) the nomenclature and the corresponding order of some discharge
sub-regimes partly differs from the descriptions of the present work.
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is accelerated towards the electrodes at increasing voltage. Once all
charges produced by background ionization reach the electrodes there
is a current stagnation in the saturation regime (B-C), in which the
energy level is too low to create new (secondary) charges. In the
Townsend regime (C-E) the electric field strength is high enough for
the primary charges to partly ionize the background gas. Since the
new charges as well acquire enough energy from the field to ionize
the gas, discharge avalanches occur, which lead to an exponentially
increasing current at increasingly applied voltage.
Unipolar corona discharges may occur in later stages of the Townsend
regime, where between D and E a locally increased field concentra-
tion exceeds the breakdown field strength of the gas. These local
concentrations are caused by sharp tips or edges or asperities of the
electrodes. Apart from the exception of the corona discharge, the
discharge of regime (A-E) remains invisible to the unaided eye and
therefore is termed dark discharge.
Glow Discharges Once the breakdown voltage Vb is reached at point E,
an electrical breakdown occurs followed by a transition (E-F) to the
glow discharge regime2. The large potential difference between the
electrodes collapses due to the significantly increased current flow
and the plasma becomes visible. This transition is followed by the
normal glow discharge (F-G), which is characterized by a current
that is increased almost independent from the voltage over several
orders of magnitude. Thereby, the plasma starts covering the cathode
until the latter is entirely covered at point G. Beyond that point the
discharge turns to an abnormal glow (G-H). Since the cathode is
entirely covered, a considerably strong voltage increase is required
to achieve an abnormally high current density at the cathode. This
results in successively heated electrodes and an incandescent cathode
at point H.
Following the voltage-current curve from point G to lower currents
typically results in an hysteresis, since the glow discharge is main-
tained below F, once it has been established. At point F’ the tran-
sition back to the Townsend regime occurs without running through
the Townsend or corona discharge again.
2Note that the term glow discharge is often referred to as silent discharge in the English-
speaking literature, which emerged as a translation error of the term Glimmentladung
from the German literature of the 19th century (e.g. Andrews and Tait [10], Eliasson
and Kogelschatz [59]). See Roth [190] (p.43) for more details.
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Arc Discharges Between H and I the glow-to-arc transition takes place
under thermionic emission of electrons from the highly heated cath-
ode. This transition is followed by the regime of non-thermal arcs
(I-J), where the voltage required for the discharge decreases rapidly
due to the additional charges form the thermionic emission. Since
this influence increases with increasing electron heating, the effect
corresponds to a negative resistance characteristic. Beyond the (lo-
cal) voltage minimum at point J the voltage-current curve rises again
in the regime of thermal arcs (J-K) towards thermal equilibrium at
point K.
As mentioned at the beginning of this section, the above introduced
discharge characteristic mainly describes low pressure discharges. For
high (ambient) pressure levels and further inhomogeneous electric
fields a direct arc breakdown can occur, which is maintained at suf-
ficient current delivery. These types of discharges are indicated with
the dotted branch and point E’ in Figure 2.3. Depending on geomet-
ric and gas conditions a direct transition from Townsend or corona
discharge to arc discharge (E’-I) is possible as well (cp. Loeb [146]).
2.1.2.2 Breakdown Voltage and Paschen Curve
The breakdown voltage Vb (ignition potential) is specified by point E in
Figure 2.3. It is an instability of the system resulting in discharge and high
current flow. Before that point (C-E) discharge is only possible by means of
secondary electron emission. Beyond point E the ionization avalanche pro-
vides a sufficient amount of electrons to maintain a self-sustained discharge
[212].
The breakdown voltage Vb and corresponding electric breakdown field
~Eb depend on the electrode material, geometry and distance d, the gas
species and the pressure p. In the year 1889 Paschen [169] reported that
for a given gas the breakdown voltage Vb is only a function of the product
pd. In particular, he concluded that the ignition potential depends on the
number of molecules between the electrodes - independent of the pressure-
distance combination. An example for this empirical relationship is shown
in Figure 2.4, which comprises the so-called Paschen curves for different
gases.
For all gases there exists a minimum breakdown voltage Vbmin for a spe-
cific value of pd, which corresponds to the Stoletow point of most efficient
discharge properties (Raju [184]). According to Corke et al. [44], the RF
9
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Figure 2.4: Paschen curves for different gases (according to Vollrath [227]).
glow discharges operate at the Stoletow point.
2.1.3 Dielectric-Barrier Discharge Plasma
Dielectric barrier discharge (DBD) setups are characterized by at least one
insulating dielectric layer, which is placed between the electrodes [116].
Since DC current cannot pass this barrier, an AC operation is required for
DBD operation [115]. However, the advantage of an AC barrier discharge
is the possibility to insulate the electrodes from the discharge volume, sep-
arated by the discharge chamber itself [183]. This can be especially advan-
tageous when, for instance, highly aggressive gases are considered.
In contrast to most other non-equilibrium discharges the dielectric bar-
rier discharges are non-equilibrium gas discharges that can be operated at
elevated pressures (10−1 . . . 101 bar) [59]. One of the first reports of a dielec-
tric barrier discharge was published in 1857 by Siemens [202] who observed
a glow between two coaxial glass tubes while generating ozone. Since the
electrodes of his experimental apparatus were outside the tubes, covered
by the glass as a dielectric material, strictly speaking this arrangement
produced a DBD plasma.
Today’s importance of dielectric barrier discharges is demonstrated by
the variety of DBD-based applications in many branches of industry. The
field of applications mainly comprises ozone generation, gas depollution,
ultraviolet exclaimer and fluorescent lamps, discharge lasers, surface treat-
ment and display panels as comprehensively summarized by Kogelschatz
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[115]. An extract of possible geometric configurations is given in Figures
2.5 and 2.6 for volume discharges (VD) and surface discharges (SD), re-
spectively.
The most salient difference between these two electrode-dielectric ar-
rangements is that in the case of VD the breakdown occurs across a gas
gap, whereas SD periodically grows on the dielectric [87]. Note that the
presence of a dielectric layer is inevitable for any formation of surface dis-
charges, since the insulation prevents from reasonable current flow [83].
The consequences of this difference on the discharge behavior and the cor-
responding electrical properties will be extensively discussed in Chapter
3.
HV HV
HV HV
Figure 2.5: Basic volume dielectric barrier discharge configurations;  elec-
trodes,  dielectric,  plasma (summarized from Allégraud [7],
Gibalov and Pietsch [87] and Kogelschatz [115]).
HV
HV HV
HV
Figure 2.6: Typical surface dielectric barrier discharge configurations; 
electrodes,  dielectric,  carrier material,  plasma (sum-
marized from Guaïtella [99], Stanfield [211] and Temmermann
[215]).
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Table 2.1: discharge specific properties and parameters characterizing DBD
plasma actuators for flow control.
near atmospheric pressure p = 10−1 − 101 bar
weakly ionized gas α = 10−4 − 10−3
non-equilibrium plasma T ′e = 1− 10 eV,
Ti, Tn ≈ 300 K (=ˆ0.0259 eV)
operating voltage V = 1− 50 kV
operating frequency f = 0.2− 25 kHz
wave type sine, square, triangle
2.1.4 Characterization of DBD Plasma Actuators
The discharge regime of plasma actuators usually is classified as a (slightly
filamentary) glow discharge within the group of non-equilibrium plasmas,
in which the electron temperature is about two orders higher than ion
and neutral temperature ( T ′e = 1 − 10 eV, Ti, Tn ≈ 300 K =ˆ0.0259 eV).
According to the low degree of ionization (α = 10−4−10−3, [25]), the DBD
of plasma actuators produces a thin volume of a weakly ionized gas [18],
where the number density of charges is around n = 1016 charges/m3.
Plasma actuators for flow control are usually operated at voltages and
frequencies in the range of V = 1 − 50 kV and f = 0.5 − 25 kHz, re-
spectively, where the AC signal usually is a sine, square or triangle wave.
Corresponding to the respective flow-control purpose, the gas pressure p
ranges between the order of 10−1 bar for flow-control under cruise flight
conditions (e.g. [20, 236]) and 101 bar for internal flow control in compres-
sors and turbines (e.g. [225, 226]).
The typical range of plasma parameters and properties characterizing
the surface discharge of DBD plasma-actuator operation is summarized in
Table 2.1.
2.2 Application as Flow-Control Device
One of the first reports of discharge-based flow control was published in
1968 by Velkoff and Ketcham [224]. They demonstrated the effect of elec-
trical fields on fluid boundary layers by means of corona wires, which were
placed a small distance from the surface of a flat plate. In the 1990s
the group of John Reece Roth at the University of Tennessee developed
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a new way to generate uniform surface dielectric barrier discharge, which
was referred to as a One Atmosphere Uniform Glow Discharge Plasma
(OAUGDPTM). This new type of plasma is protected by a US patent
since 1995 [188]. The first flow-control results based on OAUGDPTM were
published by Roth et al. [191] in 1998.
Today, flow control using barrier- and/or corona-discharge based plasma
actuators is of great interest for a wide range of aerodynamic applications.
Plasma-based control devices become especially attractive when moving
parts have to be avoided and a fast time response is required for the flow-
control application. Advantages and disadvantages of plasma actuators are
discussed alongside other actuators for active flow control by Cattafesta
and Sheplak [36].
2.2.1 Plasma-Actuator Working Principle
The key feature of any plasma actuator’s working principle is the mo-
mentum transfer from accelerated ions to the surrounding neutral gas by
particle-particle collisions. Despite their high drift velocities, the momentum-
transfer contribution of electrons is negligible due to the infinitesimal mass.
The momentum transfer to the airflow is typically referred to as plasma-
actuator body force or volume force.
Since plasma actuators are operated with AC voltages, the underlying
electrical field periodically changes its sign. The consequences of this pe-
riodic sign conversion have led to ongoing debates concerning momentum-
transfer details with partly contradictory explanations concerning the work-
ing principles. According to Font et al. [75] and Porter et al. [177], for
instance, the main discussion centers about the question about the temporal
nature of the actuation. The community has still not reached an agreement
about whether the plasma strongly pushes (accelerates) the flow down-
stream during one half cycle and weakly pulls (decelerates) it upstream in
the other half cycle, or whether the plasma pushes the flow downstream in
both half cycles. Correspondingly, the two opposing theories are referred to
as the push-pull theory and the push-push theory. Reports supporting the
push-pull theory are e.g. given by Font et al. [77] and Porter et al. [177].
The push-push theory is endorsed e.g. by Baird et al. [13], Boeuf et al. [28]
and Font et al. [75]. Both cases are possible according to reports of Enloe
et al. [62] or Likhanskii et al. [141], for instance. However, the details
of this debate go far beyond the scope of the present work. Therefore, to
gain a more detailed insight into the description and modeling approaches
at microscopic scales, the reader is referred to appropriate literature (e.g.
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Boeuf et al. [28, 29], Lagmich et al. [134], Likhanskii et al. [142, 143],
Macheret et al. [147], Singh and Roy [204, 205]).
Another issue that arises alongside the above controversy is the differ-
ence of scales. The typical spatial and temporal scales of gas-discharge
processes are 4 − 8 orders smaller than those of the resulting airflow sce-
nario (Shneider et al. [200]). At spatial and temporal scales relevant for
aerodynamic flow-control in first approximation the body force imparts a
quasi-steady momentum to the surrounding airflow. As a result, the flow
field changes such that a quasi-steady wall jet is developed under quies-
cent air conditions or an existing velocity profile is steadily manipulated,
which is sketched in Figure 2.7. This characteristic behavior is the core
of any flow control application, where the purpose is the achievement of
reasonable improvement of the respective flowfield properties by means of
dielectric barrier discharges.
HV
(a) quiescent air
HV
(b) boundary layer
Figure 2.7: Sketch of the airflow behavior generated by plasma-actuator
operation; (a) wall-jet formation under quiescent air conditions,
(b) manipulation of an existing boundary layer.
2.2.2 Fields of Application
Since its introduction by Roth et al. [191] the DBD based flow-control con-
cept has been widely investigated for a large number of different applica-
tions. Plasma actuators have been proposed for a wide range of flow control
situations, although they have yet to reach the real application stage. In
recent years, plasma actuators have proven to be an attractive and promis-
ing alternative to conventional flow-control devices [36] and therefore enjoy
increasing importance for various flow control scenarios in the community.
The variety of investigated flow-control applications ranges from velocities
of a few meters per second [94] to supersonic conditions [138].
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Most research groups are concentrating on the different topics of exter-
nal flow control, such as transition control (e.g. Grundmann et al. [98],
Séraudie et al. [199]), separation control (e.g. Jolibois et al. [109], Patel
et al. [170], Post and Corke [180]), wake control (e.g. Wilkinson [235], Sol-
dati [208], Kozlov and Thomas [119, 120]). However, recent publications
(e.g. Lemire et al. [136], Li et al. [139], Grundmann et al. [95]) have
demonstrated the universality of plasma actuators for internal flow control
as well.
Moreau [155] has provided an excellent review of the actuators’ working
principle and ongoing experimental and computational research on this
topic, where in particular the specific differences of corona, DBD and sliding
discharges are extensively described. Furthermore, Corke et al. [43, 45, 46]
frequently review ongoing DBD-based flow-control research from a North
American point of view.
2.3 Classification of Performance and Efficiency
2.3.1 Performance Characteristics
The basis for a robust quantification of the plasma-actuator performance is
the identification of convenient measures appropriate to characterize par-
ticular performance states. Roth and Dai [192] introduced a power-flow di-
agram, which considers reactive power, dielectric heating and plasma main-
tenance, to yield a phenomenological summary of power losses inevitably
accompanying the plasma actuator operation. To meet the requirements of
any quantification purpose from such a power-flow, measurable quantities
have to be defined as intermediate power stages.
In the present work the power flow is subdivided into four individual
stages to characterize the performance steps relevant for flow control by
means of plasma actuators.
Input Power Any discharge-based control device requires an energy source,
which delivers electrical input power Pinput to the chosen HV trans-
former. Many research groups use commercial laboratory power sup-
plies as a voltage source, but (rechargeable) batteries are essential
when thinking about flow control of drones or other unmanned aerial
vehicles (UAVs) at application level, as demonstrated by Grundmann
et al. [94].
Actuator Power A major characteristic of plasma-actuator performance
15
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is the electrical actuator power PA available at the discharge region.
This value is a key quantity for any discharge application (see Manley
[149] or Kogelschatz [115] for instance) and can be precisely quanti-
fied, as will be demonstrated in Chapter 3.
Fluid Mechanic Power Independent of the flow-control application the mo-
mentum transfer from the discharge to the air results in a modified
airflow. The respective power supplied to the air can be character-
ized by the fluid mechanic power P
FM
, which is available for flow
control. Depending on the chosen measurement technique some re-
search groups can only specify the resulting thrust F instead of a
power value. This distinction is discussed extensively in Chapter 5.
Power Saving The desired result of energy-balance motivated flow-control
applications is the achievement of best possible power savings PS .
Possible non-energetic-motivated flow-control applications are an ad-
vanced maneuverability of UAVs, for instance. In such cases, flow
control success can not directly be measured in terms of power but
rather in terms of extent of new flight regimes. The power saving
PS serves as a measure for the success of the flow-control efforts and
states the final step of the power flow, which has to be defined indi-
vidually for the particular flow-control application.
Although a detailed discussion of this quantity goes beyond the scope
of the present work, it is listed here for the sake of completeness.
The resulting power-flow diagram according to the above stated power
steps is sketched in Figure 2.8. Furthermore the diagram contains the cor-
responding efficiency chain, which is described in the following paragraph.
2.3.2 Definition of Efficiencies
In addition to the different power values, further important key values are
the corresponding efficiencies, which connect the different power stages.
According to the power-flow scheme of Figure 2.8, a chain of efficiencies
can be defined by pairwise calculating the ratio of two performance values.
The resulting overall performance of plasma-actuator systems depends
on various kinds of factors. Among others, these are input parameters
(energy source, HV transformer, applied waveform for discharge), the geo-
metrical arrangement (length, width and thickness of electrodes and dielec-
tric), further actuator configurations (floating electrode, electrode design
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Figure 2.8: Power-flow diagram of plasma-actuator operation.
and quantity) or environmental influences (weather conditions, state vari-
ables). This variety of influencing parameters demonstrates the necessity to
distinguish between different types of efficiencies to quantify and optimize
plasma-actuator operation.
Based on the power characterization of Section 2.3.1, the efficiency chain
takes the following three links into account. Note that the term efficiency
η in the present work is strictly defined as a non-dimensional value in the
range 0 ≤ η ≤ 1. All dimensioned coefficients and those that can exceed
the value 1 are indicated by an additional asterisk (η∗) and apostrophe (η′),
respectively.
Electrical Efficiency The electrical efficiency is defined by the ratio of the
two electric measures Pinput and PA according to
η
E
=
PA
Pinput
. (2.7)
ηE is specified by the power losses occurring during plasma genera-
tion, which is dominated by internal heating of the chosen HV trans-
former and losses in the dielectric barrier. It will be shown in Section
3.3 that ηE is not only affected by the properties of the power sup-
ply units but also depends on the properties of the load connected.
Therefore, this efficiency can be optimized by appropriate impedance
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matching (Singh and Roy [203]) or proper choice of the dielectric
material (Roth and Dai [192]).
Fluid Mechanic Efficiency In 1960 Robinson [187] defined the fractional
efficiency of electrokinetic conversion in case of the movement of air
in the electric wind of the corona discharge as the relation of the
kinetic output power to the electrical input power. Based on this
report, to determine how efficient the electrical power is transferred
to the fluid, the fluid mechanic efficiency is defined as
η
FM
=
P
FM
PA
. (2.8a)
Similar definitions have already been used accordingly in various re-
ports (e.g. Giepman and Kotsonis [88], Janssen et al. [106], Jolibois
et al. [110], Léger et al. [135]). The main contributing losses charac-
terized by η
FM
arise from thermal radiation, chemical reactions and
sound/light emission.
Given that the fluid mechanic power P
FM
cannot be determined (typ-
ically due to a missing velocity information), a convenient and fre-
quently applied replacement is the actuator thrust (e.g. Gregory et
al. [92], Porter et al. [179], Enloe et al. [60]). Consequently, as a
convenient replacement for the fluid mechanic power P
FM
, the actua-
tor thrust F is utilized to define a dimensioned measure of the fluid
mechanic effectiveness as
η∗
FM
=
F
PA
. (2.8b)
The distinction between efficiency and effectiveness according to (2.8)
has been proposed by Durscher and Roy [57] and Ferry et al. [71],
for instance, and will be discussed in Chapters 5 and 6 in depth.
Saving Rate The last link of the efficiency chain purely depends on the
level of successfully conducted flow control. Although being a non-
dimensional number, the saving rate
η′
S
=
PS
P
FM
(2.9)
is not referred to as an efficiency, since it ideally exceeds the value of
one. η′
S
has a wide range of possible physical interpretations, in which
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every flow-control application requires an individual definition of the
governing quantity PS. Byerley [35] and Donald [51], for instance,
want to increase the operating efficiency of a turbine component by
reducing or eliminating a separation (bubble) and reducing profile
losses. Jukes and Choi [113] define η′
S
(referred to as ’power sav-
ing ratio’ in [113]) as the ratio between power savings due to drag
reduction and the fluid mechanic power imparted to the flow.
The sensitivity of η′
S
in terms of drag reduction is emphasized by
the work of Grundmann et al. [96–98]. They achieved a consider-
able transition delay by means of plasma actuators only for a par-
ticular electrode arrangement. In subsequent characteristic diagnos-
tics of the actuator’s immediate vicinity Kriegseis et al. [121, 122]
identified adverse/favorable flow patterns to be responsible for the
failed/successful transition delay under otherwise constant operating
conditions, i.e. power consumption of the applied flow-control device.
The three (efficiency) coefficients (2.7-2.9) yield an overall effectiveness of
the DBD plasma actuator as a flow-control device according to
η′
FC
= η
E
η
FM
η′
S
. (2.10)
To exceed the break-even point of the energy-balance, η′
FC
= 1 is desired
for any profitable flow-control device, i.e. plasma-actuator operation saves
energy costs.
In contrast to energy-balance motivated flow control, promising applica-
tions of plasma actuators as flow-control devices of course are unmanned
aerial vehicles, such as drones or missiles. Independent of energy costs one
major objective of such flow-control projects is an improved maneuverabil-
ity, i.e. to facilitate formerly impossible flight regimes.
The major objective of the present work is the identification, implemen-
tation and evaluation of plasma-actuator quantification strategies. Such
methods to quantify the actuator performance are essential for advanced
flow-control research beyond the level of feasibility studies. Therefore, the
present work may serve as a common guideline of performance quantifi-
cation strategies before splitting into the specific branches of flow-control
applications. As mentioned above, the two quantities PS and η
′
S
extremely
depend on the respective flow-control objective and will hence not be fur-
ther discussed.
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The electrical performance of plasma actuators is mainly characterized by
the electrical power which is consumed to maintain the discharge. In Sec-
tion 3.2 a powerful and well-established means to quantitatively analyze
dielectric barrier discharges is introduced and discussed and scaling laws
are derived from the presented results. Only minor attention has been
paid so far to the influence of the discharge on the electrical circuit of
the discharge device. It will be demonstrated in Section 3.3 that accurate
knowledge of the discharge-intensity dependent resonance frequency of this
device is essential for optimization purposes such as impedance matching
or control-circuit design of active flow-control devices. Emphasis will also
be put on a proper capacitance determination of the operative plasma ac-
tuator (Section 3.4), in order to allow advanced impedance matching of the
entire electrical setup. The significance of impedance matched systems for
optimal energetic efficiency was identified by Chen [38] and emphasized by
Singh and Roy [203].
To date, at least in terms of optimization and quantification, little atten-
tion has been directed to the electrical quantities of the actuator operation,
such as operating voltage V , frequency f , consumed electrical power PA
and corresponding capacitance C of the plasma actuator. However, the
electrical efficiency η
E
may in itself be an important parameter. One good
example is the application of plasma actuators for in-flight flow control,
where weight and power consumption is of utmost importance, as demon-
strated by Grundmann et al. [94].
3.1 Experimental Procedure
The experimental setup used in this investigation is sketched in Figure 3.1.
Three different HV generation systems and three spanwise different plasma
actuator lengths L were used, as specified in Table 3.1. This ensures that
the conclusions derived from the study are robust and not geometry or ap-
paratus specific. Since the influence of the upper electrode size is negligible,
as demonstrated by Möller [154], the dimensions w1 = 2.5 mm, w2 = 10.0
mm and d = 0.4 mm (Kapton R©, five tape layers) were chosen for upper
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and lower electrode and the dielectric thickness respectively. This partic-
ular parameter combination has been used in numerous previous studies
and has turned out to be very effective in transition delay experiments by
Grundmann and Tropea [97] and for subsequent characteristic diagnostics
presented by Kriegseis et al. [121, 122].
HV
a
Pinput
PS
FG
b
w1 w2
d
x
VpCpV
plasma
Figure 3.1: Experimental plasma-actuator setup comprising function gen-
erator (FG), low voltage power supply (PS), high voltage (HV)
transformer and plasma actuator; components are listed in Ta-
ble 3.1, component-specific wiring is indicated by arrows (a,b).
The measurement setup comprises an oscilloscope (LeCroy WaveJet354,
4CHs, 500kp/Ch, 1GS/s) to record the (AC sine-wave) operating voltage V
(Testec HVP-15HF, 1000:1) and the probe voltage Vp (LeCroy PP006A,
10:1) of the charge-probe capacitor Cp = 22 nF. The choice of this partic-
ular value turned out to be appropriate for the measurements, which will
be explained extensively in Section 3.4.4.
For subsequent calculation of the electrical efficiency ηE according to
(2.7), the electrical input power
Pinput = VinputIinput, (3.1)
which supplies the high-voltage transformers, is measured using two
multimeters (Extech Instruments EX530). The electrical setup and it’s
corresponding arrangement are included in Figure 3.1.
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Table 3.1: HV-generator setups chosen. The codes of column 2 are used to
abbreviate experimental details in many of the legends below and
to precisely define the experiments throughout the document1.
Device Code Specifications
Function Generator (FG) ELV MFG 9001M
low voltage 1 Voltcraft PS 3610
Power Supply (PS) 2 Kenwood KRF-V6010
High-Voltage (HV) I GBS Elektronik Minipuls 2
transformer II Bosch automotive ignition coil
III GBS Elektronik Minipuls 1
plasma actuator length A L = 0.15 m
B L = 0.30 m
C L = 0.45 m
wiring a FG→PS (for II)
b FG→HV (for I and III)
3.2 Power Consumption
3.2.1 Calculation of the Power Consumption
The consumed electrical power PA as a function of the operating voltage
V is an established measure to describe the electrical characteristics of the
plasma actuator, as the examples in Figure 3.2 demonstrate. However, the
universality of these results is limited, since they are obtained using differ-
ent operational settings, such as, for instance, different HV transformers,
varying actuator lengths and materials, electrical settings such as voltages
and frequencies as well as variations of the state variables.
Grundmann and Tropea [98] and Borcia et al. [31] explain two common
ways of calculating the consumed electrical power of an actuator by deter-
mining the operating voltage and either the current I or the charge Q by
means of a probe resistor or capacitor, respectively. Furthermore, Grund-
mann et al. [98] conclude that it is more convenient to choose the capacitor
1Label-code example: An experimental setup comprising the Voltcraft power supply,
the GBS transformer, an actuator of length L = 0.45 m, and a direct wiring of
the function generator to the transformer is labeled 1ICb followed by a particular
parameter setting, e.g. 10 kV or 14 kHz.
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Figure 3.2: Graphical review of published V − PA relations.
concept, since the capacitor integrates the current passing through the ac-
tuator in time and thus captures all occurring micro-discharge pulses with
an appropriate probe capacitor (see Section 3.4.4), which leads to a better
signal-to-noise ratio compared to the resistor measurements. Independent
of the bandwidth of single discharge events the measured probe voltage Vp
across the probe capacitor Cp is proportional to the charge crossing the
electrodes, i.e.
Q(t) = CpVp(t), (3.2)
and the capacitance is simply a proportionality factor (cp. Figure 3.1). The
measured operating voltage and charge values are plotted against each other
in Q-V cyclograms, which are better known as Lissajous figures. Figure 3.3
shows such figures for two different dielectric barrier discharge types: the
volume discharge (VD) including a gas gap, and the surface discharge (SD)
as it occurs with DBD plasma actuators. Despite the fact that the signal-
to-noise ratio of cyclogram-based measurements is much better than that
of a direct measurement of the discharge current, further post-processing
of the raw data, including filtering, becomes necessary in order to extract
robust information from the cyclogram. Therefore, a least-squares filter
based on the description of Savitzky and Golay [198] is chosen to prepare
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Figure 3.3: TypicalQ−V cyclograms (Lissajous figures) of dielectric barrier
discharges (DBD) with typical operating parameters; Charac-
teristic quantities such as Vmax, Qmax and different capacitances
- VD (a): C,Cd; SD (b): C0,Ceff.
the raw data for further post-processing, as indicated in Figure 3.3(b).
The energy Ek, which is consumed per discharge cycle k, is defined by
the area enclosed by the cyclogram and can be calculated by
Ek =
∮
k
Q(t)dV. (3.3)
Subsequent multiplication of the energy Ek with the operating frequency
f leads to the consumed actuator power
PA,k = Ekf. (3.4)
To calculate the power consumption PA based on the measured time traces
of V (t) and Vp(t), equations (3.2) - (3.4) are combined. Further averaging
over K discharge cycles leads to
PA = Ef =
f
K
K∑
k=1
∮
k
CpVp(t)dV (3.5)
as the relevant equation for the quantification of the power consumption of
plasma actuators.
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Depending on the adjustment of the oscilloscope (500 kp/Ch, 1 GS/s)
the measured time traces result in K ≈ 800 cycles á 625 data points at a
given plasma frequency 4kHz < f < 18kHz. The corresponding standard
deviations of the calculated power values lie below 3% in all cases (σPA <
3%).
Regarding the shape of a Lissajous figure, volume discharges (VD) lead
to a parallelogram, since the discharge starts and stops with constant geo-
metrical plasma shape, as sketched in Figure 3.3(a). This cyclogram was al-
ready discussed by Manley [149] in 1943 and is still an important diagnostic
tool for DBD research, as recently demonstrated e.g. by [70, 87, 159, 229].
Unfortunately, volume discharges are seldom used for flow control, since at
least one electrode must be located in the flow [171, 192].
Any surface discharge (SD) continuously changes the shape of its dis-
charge volume throughout each cycle and thus changes its discharge ca-
pacitance as mentioned by Gibalov and Pietsch [87]. This effect results in
an almond-shaped cyclogram, as sketched in Figure 3.3(b), which is well-
known from various publications (e.g.[98, 155, 175]).
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Figure 3.4: Power consumption PA as function of operating voltage V for
several frequencies f .
The results of power consumption calculations according to (3.5) are
shown in Figure 3.4 for several operating voltages V and frequencies f ,
but one and the same actuator geometry (1ICb). It is obvious that the
required operating voltage for a particular power level PA increases with
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decreasing frequency f , as emphasized by a gray dashed iso-power level
in Figure 3.4. This conclusion is in good agreement with Roth and Dai
[192], Dong et al. [52] or Forte et al. [79], for instance, and indicates the
considerable influence of the chosen operational settings on the resulting
actuator performance. Therefore, Figure 3.4 demonstrates the requirement
defining appropriate scaling laws for the prediction of the plasma actuator’s
power consumption PA. This will be discussed extensively in the following
section taking all parameters in Table 3.1 into account.
3.2.2 Power Law Characterization
To date, the electrical power PA consumed by plasma actuators is typically
characterized as a power-law based function of either frequency f or op-
erating voltage V . Although the exponents of these functions describe in
principle the performance of the actuator, they are not comparable among
different experiments or configurations. This underlines the need for more
straight-forward and universal scaling laws.
A selection of previously published results that describe such PA =
f(V ) relations has been shown in Figure 3.2. Some research groups use
a quadratic approximation [52, 175] (with and/or without offset) for the
consumed power with increasing operating voltage V . Other groups re-
port exponent values ranging between 2 and 3 [109, 192] or approximately
7/2 [68, 69, 144, 167], depending on the geometry of the actuator and the
experimental configuration. A comparison of these published values with
calculations from the present work confirmed approximately an exponent
value of 7/2, which can be derived from Figure 3.5 for several geometri-
cal and operational configurations (cp. Table 3.1). Note that the value
7/2 is derived through empirical fitting and does not suggest a physical
explanation here.
Additionally, the relative power per unit actuator length, PA/L, is plot-
ted in Figure 3.5(b), in contrast to the absolute values of Figure 3.5(a), as
published by various research groups (e.g. Grundmann and Tropea [98],
Jolibois et al. [109] or Little et al. [144]). For this relative description, the
results obtained for different actuator lengths lie approximately on top of
one another when operated at the same frequency. Despite this improve-
ment in terms of universality, there still remain significant differences for
changes of the plasma frequency f , since PA is a function of the frequency
as well.
Most research groups (e.g. [1, 17, 52, 79, 175, 177]) describe this power-
frequency function as a linear function (PA ∝ f). However, independent of
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Figure 3.5: Consumed power PA as function of actuator voltage V .
the operating frequency f this assumption consequently has to result in a
constant consumed energy Ek per cycle k to satisfy equation (3.4). If this
were true, the maximum slopes in the Lissajous figure would be independent
of the operating frequency. For instance, Porter et al. [179] explicitly
assume that the dissipated energy per cycle E = PA/f of the operating
voltage is constant for fixed operating conditions, not dependent on the
operating frequency. Consequently, the enclosed area of the corresponding
Lissajous figures achieved at a constant operating voltage would have to
be constant over the entire measured frequency range. This assumption,
in fact, is an oversimplification as demonstrated exemplarily in Figure 3.6
(cp. crosses in Figure 3.4).
The experiments of the present studies show a non-constant value of
the dissipated energy-per-cycle for different operating frequencies, as illus-
trated in Figure 3.6(a). Therefore, the Lissajous figures corresponding to
different operating frequencies at the same operating voltages change their
shape (enclosed area) and also change their maximum slopes, which can
be clearly identified from Figure 3.6(b). The consequences of these slope
changes with changing operating frequencies for the resonance behavior
and the characteristic capacitances will be discussed in Sections 3.3 and
3.4 respectively. In contradiction to previous publications, the results of
present work show an empirical PA = f(f) relation according to the power
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of 3/2 instead of a linear relation, as sketched in Figure 3.7. Consequently,
according to equation (3.4), the consumed energy Ek per cycle k is indeed
affected by the plasma frequency with the power of 1/2.
3.2.3 Scaling Number Derivation
To advance one step further, with the objective of improving the pre-
dictability of results for varying operational conditions, the insights of Sec-
tion 3.2.2 should be combined. Therefore, the two empirical approaches
PA ∝ V 72 (3.6)
PA ∝ f 32 (3.7)
yield in the joint functional description
PAL
−1f−
3
2 ∝ V 72 and (3.8a)
PA/L
f
3
2 V
7
2
= ΘA = const. , (3.8b)
which moreover includes the length L of the actuator. A similar model was
proposed by Roth et al. [193] in order to describe the power losses due
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Figure 3.7: Consumed power PA as function of frequency f (V = 10 kV).
to dielectric heating. They identified V 2f and Ploss to be convenient key
quantities to comprehensively describe their phenomenon.
The results of equations (3.8) are plotted in Figure 3.8. It is obvious
from Figure 3.8(a) that the former discrepancies between the results vanish
and all curves collapse better, which demonstrates the robustness and the
improved generality of equation (3.8a) as a scaling law for describing the
electrical characteristics of DBD plasma actuators. Now only one single
experiment is required to calculate ΘA for a particular configuration of the
dielectric material (see Figure 3.8(b)).
However, even though this new scaling law (3.8) seems promising to de-
scribe and classify the consumed electrical power of DBD plasma actuators
for varying operating conditions, this model does not include any informa-
tion about the resonance behavior of the electrical plasma-actuator setup
or the electrical efficiency η
E
of its operation.
3.3 Resonance Effects
Generally, any electrical plasma-actuator setup, i.e. high-voltage trans-
former including connected plasma actuator, has a particular resonance
frequency fres. An easy and convenient procedure to characterize this fre-
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Figure 3.8: Combined P−V −f description for several operating conditions
based on the scaling law (3.8).
quency is to apply a constant input voltage Vinput to the high-voltage trans-
former and systematically vary the operating frequency f . The resulting
slope of the high-voltage transformer’s current drain Iinput and correspond-
ing input power
Pinput = VinputIinput (3.9)
are shown in Figure 3.9 exemplarily for two different actuator lengths2.
Since the amplification level of the HV transformer is affected by the res-
onance effect as well, the resulting high voltage V changes with changing
frequencies f at constant input voltages Vinput. Consequently, the absolute
values of the input power Pinput in this particular investigation do not allow
a performance quantification but rather a resonance characterization.
However, this example demonstrates that the size of the load influences
the natural resonant frequency fres of the setup. Exact knowledge about
this frequency as well as about the parameters that affect its value is of
particular importance for any DBD-based flow-control application:
2In order to not confuse the reader, it should be emphasized that the separately con-
ducted resonance identification experiments have been conducted with Minipuls1 (cp.
Table 3.1). This transformer has its range of resonance at considerably lower frequen-
cies than the Minipuls2. The conclusions drawn from these separate experiments are
entirely unaffected by this difference.
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Figure 3.9: Current drain Iinput and input power Pinput for two different
actuator lengths at constant input voltage Vinput = 15 V.
The most salient reason to properly identify fres arises from impedance-
matching efforts, where the objective is optimization of the electrical plasma-
actuator setup. Additionally, it is essential to understand the influence of
all involved operation quantities on possible changes of fres, since these
quantities span the parameter space for active flow control by means of
plasma actuators. Both issues will be discussed in Sections 3.3.1 and 3.3.2.
3.3.1 Resonance - Efficiency Relation
The extracted power-frequency relations, as discussed in Section 3.2.2, re-
quire further investigation concerning the composition of the discharge
energy E, i.e. the interaction of the physical quantities processed with
equation (3.5). For constant operating voltage V there are at least two
remaining parameters that can modify the consumed power per cycle Ek
determined by the enclosed area of the corresponding Lissajous figure (cp.
Figure 3.3(b)): The amplitude of the transferred charge Q and the phase
relation ∆φ (obtained from V = 0 and Vp = 0) between abscissa V and
ordinate Q.
The value of the transferred charge Q increases only slightly with in-
creasing frequency, as indicated by Figure 3.6(b). In contrast to this the
phase relation ∆φ shows a steep rise at a specific frequency for every partic-
ular parameter combination, as depicted in Figure 3.10(a). This frequency
has been identified to be the natural resonance frequency fres of the ex-
perimental plasma actuator setup, i.e. the electric circuit comprising the
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HV generator and the plasma actuator (see Figure 3.1). Hence, the reso-
nance frequencies fres for the different experiments are marked with dashed
vertical lines in Figure 3.10.
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quencies for varying operational setups.
The corresponding curves of the electrical efficiency η
E
according to def-
inition (2.7) are shown in Figure 3.10(b). A local maximum in the range
of the resonance frequency is observed, followed by an efficiency decrease
for increasing frequencies3. In order to properly discuss this observation it
is necessary to examine more carefully the characteristics of the Lissajous
figures.
The impact of the phase relation ∆φ between the operating voltage V
and the transferred chargeQ on the size of the enclosed area of the Lissajous
figure can be easily demonstrated by means of the two example functions
3It should be noted that the HV generation by combining an audio amplifier and an
automotive ignition coil is obviously ineffective, but all the more useful to cross-check
the validity of the conclusions and their independence of a particular HV generator.
The Minipuls series, on the other hand, is designed for a large frequency-range and
therefore shows a much weaker resonance peak at a much higher global efficiency
level.
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ϕ1(t) = sin(ωt) (3.10a)
ϕ2(t) = sin(ωt+∆φ). (3.10b)
The resulting Lissajous figures built using ϕ1(t) and ϕ2(t), and their
enclosed area A calculated according to equation (3.3) are plotted in Fig-
ure 3.11 for phase relations ranging from 0 ≤ ∆φ ≤ 90◦. Furthermore,
the phase-relation range as observed for the DBD experiments (see Figure
3.10(a)) is shown as a shaded gray area in Figure 3.11(b).
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Figure 3.11: Lissajous figures (a) and calculated enclosed area (b) of equa-
tions (3.10) as function of phase relation ∆φ.
The almost linearly increasing value of A in the DBD-relevant range of
phase leads to the conclusion that the sharp increase of the enclosed area of
the cyclogram corresponds to the observed efficiency rise near the resonance
frequency. In terms of power levels, an increase of phase results in either a
higher consumed actuator power PA for constant input power Pinput or less
required input power Pinput for constant output quantities. Consequently,
both cases lead to higher efficiency η
E
according to definition (2.7), since
either the numerator increases or the denominator decreases.
Crossing the resonance frequency fres in Figure 3.10 results in an increas-
ing phase relation ∆φ and consequently in a locally increasing efficiency η
E
.
Thereafter, the efficiency continues its decaying trend due to the global de-
crease for increasing frequencies. Since the actuator power PA rises with
increasing frequencies (see Figure 3.7), which is a counteracting effect to
the decreasing efficiency trend, the local efficiency maximum sightly above
the resonance frequency should be the desired point of actuator operation.
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3.3.2 Resonance - Discharge-Volume Relation
The resonance frequency of any particular AC-HV generator (among in-
ner parameters like core heating of the transformers) mainly depends on
the load connected to it. In the present context this load is the plasma
actuator. Evidently, the value of this load is proportional to the length
of the actuator, as exemplarily demonstrated in Figure 3.9 and confirmed
in Figure 3.10 (crosses: short actuators, open symbols: long actuators).
Additionally, it is severely affected by changes of operating conditions as
well, which is a rather new but all the more important insight.
Coogan [42] reports a remarkable reduction of an excimer lamp’s reso-
nance frequency right after its first ignition. This ignition, according to
Coogan, entails an increase of the lamp capacitance, which shifts the res-
onance to lower frequencies. According to Raizer et al. [183], the load
characteristics change on discharge excitation, due to a considerable in-
crease in capacitance and active conductivity of a gas gap after a plasma
has been produced.
Furthermore, Yang et al. [237] investigated the influence of operating-
parameter changes on the resonance curve of their discharge device. They
identified a reduction of the resonance frequency for both increasing size
of the load and increasing operating voltages. To gain deeper insight into
the influence of plasma-actuator length L and operating conditions on the
resonance frequency fres of the DBD circuit, both parameters have to be
investigated systematically. Based on these reports it must be concluded
that the presence of plasma [42] and its spatial extent [237] considerably
contribute to the effective size of the load. This transfer of the insights
reported by Coogan [42] and Yang et al. [237] provides additional valuable
potential for optimization of the electrical plasma-actuator setups.
The decrease of the resonance frequency with increasing voltage due to
the increasing volume of the discharge is demonstrated in Figure 3.12 for
different actuators. Two important conclusions can be drawn from Figure
3.12 knowing that fres varies with changing operating voltages.
First, for a constant operating frequency f , which has initially been
aligned with fres, this effect results in a decreasing efficiency ηE (see Fig-
ure 3.10(b)). On the one hand, for an increasing operating voltage the
resonance frequency decreases and consequently the operating frequency
departs to the right from the local efficiency maximum due to the global de-
crease effects. On the other hand, by lowering the operating voltage the res-
onance frequency increases, which causes a phase-relation drop for constant
operating frequency and consequently also results in a lower efficiency η
E
.
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Figure 3.12: Natural resonance frequency fres as a function of actuator volt-
age V .
Second, it can be concluded from Figure 3.12 that the impedance of any
electrical plasma-actuator setup, among other parameters, is significantly
affected by the chosen operating voltage. For instance, for constant operat-
ing frequency, one moves across the resonance frequency by simply chang-
ing the operating voltage as demonstrated in Figure 3.13. This effect not
only influences the electrical efficiency η
E
. When the operating frequency
of the plasma actuator itself is a control variable of the setup, crossing
the resonance frequency inevitably leads to a sign change of the resulting
characteristic control behavior of the control device. This changeover is
sketched in Figure 3.13 as well, where the labels A, B and C denote the
control behavior above, at and below the resonance frequency fres respec-
tively.
Obviously, the plasma actuator is not only a passive component but con-
sists of a pure passive component part and a discharge dependent part.
The passive component part mainly depends on the actuator construction
(dimensions, materials), whereas the discharge dependent changes with in-
tensity and spatial extent of the plasma on the dielectric layer. Conse-
quently, it is necessary to understand the effect of a changing discharge
intensity and its corresponding capacitance to the overall load of the elec-
trical plasma-actuator setup. This knowledge is of particular importance
for any successful impedance matching and advanced design of control al-
gorithms for discharge based flow control.
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3.4 Characteristic Capacitances
In 2002 Chen [38] identified that impedance-matching of the electrical cir-
cuit of a plasma-actuator system is a powerful means for optimizing plasma
actuator setups. Subsequently, several studies concerning this topic have
been undertaken, as reported e.g. by Opaits et al. [161, 162], Chen [39],
Singh and Roy [203]) or Zito et al. [238]. However, from Section 3.3 and
especially from Figures 3.12 and 3.13 we see that changes of the operating
voltage and corresponding variations of the electrical power consumption
strongly influence the resonance behavior of the electrical circuit. This in-
sight is of utmost importance for impedance matching, since any perfectly
matched electrical circuit immediately becomes de-tuned with changes of
the power level. The impedance of a plasma-actuator setup under opera-
tion is highly unsteady and depending on many parameters. Therefore, it
is desirable to determine the capacitance of plasma actuators and further-
more to quantify the impact of the operating conditions (operating voltage
and frequency) on the resulting plasma-actuator capacitance.
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3.4.1 Capacitance Determination
Based on Manley’s equations [149] it is possible to derive several capaci-
tances involved in the discharge process. For volume discharge (VD) this
has been described e.g. by Falkenstein and Coogan [70] or by Wagner et
al. [229]. However, a deeper insight into the discharge of both VD and SD
can be derived from Lissajous figures by calculating
C(t) =
dQ(t)
dV (t)
, (3.11)
since the slope of the Q-V cyclogram corresponds to the capacitance C(t)
of the actuator at specific phase angles φ(t) of the operating AC voltage
V (t) (see e.g. [87, 229]). For VD the capacitance C can easily be calculated
as a serial combination of Cg (gas) and Cd (dielectric)
1
C
=
1
Cg
+
1
Cd
(3.12a)
⇔ C = CgCd
Cg + Cd
. (3.12b)
The former equation (3.12a) was introduced by Manley [149], the latter
one (3.12b) was used in [145, 229]. Furthermore, Manley [149] mentioned
for VD that the sharpness of the corners of the Lissajous figures denote the
abrupt stop of the discharge at the operating voltage maximum (see Figure
3.3). This phenomenological study can be transferred to surface discharge
as well, since it is in very good agreement with the present observations,
where a sudden discharge current drop can be identified in combined volt-
age/current plots at the locations of the operating voltage maxima (see e.g.
[2, 68, 79, 177]).
Unfortunately, the pure serial description of equation (3.12) is invalid for
surface DBD actuators, since their discharge occurs in a stepwise growth
[87] of the plasma channels, as described by Gibalov and Pietsch [87]. En-
loe et al. [68], for instance, demonstrated the effect of transient chordwise
growth of the plasma extent of DBD plasma actuators by means of a pho-
tomultiplier tube. Nersisyan and Graham [159] modified the pure serial
description of equation (3.12) with an additional resistance Rg in paral-
lel to Cg to consider the plasma’s conductivity - still for VD purposes.
Nevertheless, this model seems to be useful for a SD description as well, as
introduced by Van Dyken et al. [221] and Enloe et al. [68, 69] almost at the
same time (2004), later by Pons et al. [175]. However, based on the model
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of Nersisyan and Graham, other modified plasma actuator model descrip-
tions, which are rooted in capacitance assumptions, have been introduced
e.g. by Singh and Roy [203] (Cp − Lp −Rp − Cd). An even more complex
model has been suggested by Orlov et al. [164, 166, 167] and subsequently
applied e.g. by Lemire et al. [136]. This so-called lumped-element circuit
model already includes estimations about the spatial-temporal growth of
the plasma. According to Orlov et al. [167], this model was calibrated
based on the experimentally obtained luminosity data of Enloe et al. [67].
The effect of a decreasing resonance frequency with increasing power
levels occurs, since the chordwise plasma length and therefore the discharge
zone increases, as discussed in Section 3.3. This effective electrode-size
enlargement is denoted the virtual electrode length by Enloe et al. [68] or
the plasma extent by Orlov et al. [165]. However, in terms of impedance
matching, any changes of the virtual size of the electrode (i.e. plasma
extent) can be directly interpreted as a power forced change of the load of
the electrical LC-circuit, as denoted by Huang et al. [105]. The (adverse)
effect of a (mis-)matched DBD system is emphasized e.g. by Singh and
Roy [203] in terms of expensively over-rated power supplies. Therefore, a
quantitative determination of the effective plasma-actuator capacitance as
a function of the operating parameters, as previously discussed in Sections
3.2 and 3.3, is necessary, in order to meet the requirements of an advanced
impedance-matching purpose.
3.4.2 Capacitance-Quantification Strategy
Regardless of the chosen DBD setup (VD or SD), equation (3.11) yields
the temporal evolution of the capacitance of the plasma actuator, which
has been implemented by means of forward differences according to
C(ti) =
∆Q
∆V
∣∣∣∣
ti
=
Q(ti+1)−Q(ti)
V (ti+1)− V (ti) . (3.13)
Due to the parallelogram shaped cyclogram of the VD of Figure 3.3(a),
the capacitance of the volume discharge CVD(t) has a square-wave shape.
The more complex case of surface discharge (SD) is shown in Figure 3.144,
where the time trace of the operating voltage is additionally included for
orientation purposes. A corresponding Lissajous figure of similar data has
already been depicted in Figure 3.3(b).
4The vertical peaks occur periodically at ±Vmax, since the denominator of the expres-
sion dQ/dV = C periodically changes its sign while ranging around zero.
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Figure 3.14: Voltage and capacitance time traces of a DBD plasma actuator
according to equation (3.11).
The lower gray shaded plateaus of Figure 3.14 correspond to the so-called
dark periods (Manley [149]) where no discharge occurs. These dark periods
can be identified in luminosity diagrams of the discharge as well, as shown
for instance by Enloe et al. [68, 69] for the temporal light emission and
the spatial-temporal luminosity distribution. The values of these plateaus
quantify the electrical pure passive component (cold) capacitance of the
plasma actuator, which will be referred to as C0 in the following. It is
important to note that C0 can be alternatively measured across a discon-
nected and non-operative plasma actuator using a conventional multimeter,
and the result agrees with the method described here.
The upper gray shaded plateaus correspond to the effective capacitance
Ceff, consisting of a combination of the passive-component C0 and the con-
tribution of the plasma itself to the capacitance. The ratio C(t)/C0 is given
by the right ordinate of Figure 3.14, where the time dependent capacitance
of the plasma increases the total capacitance of a plasma actuator during
operation by a factor four as compared to the cold capacitance. The initial
value of each half-cycle is C0 at the dark period and increases towards Ceff
as the plasma domain grows. As V reaches its peak value, the discharge
collapses, and the capacitance falls back to C0. Since Ceff comprises the
real electrode and the above-mentioned virtual electrode-size enlargement,
Ceff provides a quantity for defining the virtual capacitance of the operative
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plasma actuator. Based on this characterization, it is therefore possible to
quantify the magnitude of the load connected to the HV power supply and
consequently the load-resonance behavior of the entire system for varying
operational settings.
3.4.3 Capacitance-Histogram Analysis
The extraction of robust numerical values from the gray-shaded capaci-
tance ranges in Figure 3.14 is a challenging task. However, a good estima-
tion of C0 and Ceff can be obtained by determining the local maxima in
the capacitance-histogram, as demonstrated in Figure 3.15 for the example
given in Figure 3.14. The influence of varying operating voltages and fre-
quencies on the resulting histograms, both resulting in varying power-levels,
are shown in Figure 3.16.
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Figure 3.15: Capacitance histogram with characteristic peaks for C0 and
Ceff (cp. Figure 3.11).
Such capacitance histograms yield insight into several phenomena: A
comparison of the histograms of Figure 3.16 demonstrates the indepen-
dence of the lower peak C0 from the discharge. This result confirms the
assumption of a pure passive-component character of C0. Consequently, it
can be concluded that the value of C0 represents the constant cold capac-
itance of the plasma actuator. Secondly, a linear growth of the effective
capacitance Ceff can be seen for both increasing operating voltages (Figure
3.16(a)) and increasing frequencies (Figure 3.16(b)), where the impact of
the operating voltage is larger than that of the frequency. This obviously
occurs due to the increasing power levels with either of the parameters
(PA ∝ V 72 , PA ∝ f 32 ), as discussed in Section 3.2.2. The weak impact of
the frequency comes as no surprise, since combined analysis of equations
(3.4) and (3.7) leads to E ∝ f 12 . This results in an even weaker influence of
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Figure 3.16: Capacitance histogram: Relative occurrence of capacitance
values derived from (3.11) for varying operating voltages (a),
frequencies (b) and for both half-cycles (c).
the frequency on the slope of the corresponding cyclogram for a constant
operating voltage V and cold capacitance C0 (cp. Section 3.3).
Furthermore, the light gray color in the range between the two peaks
corresponds to the transient growth of C(t) for the growing plasma length
from C0 to Ceff of a surface DBD within every discharge-cycle. This growth
can be recognized from the Lissajous figures as well (cp. Figure 3.3(b)),
since the counter-clockwise orientated time trace of this cyclogram and
its periodically increasing slopes already suggest the observed transient
growth.
The involved mechanisms of the two half-cycles vary and result in two
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different discharges, as demonstrated e.g. by Gibalov and Pietsch [87],
Enloe et al. [61, 64] and Leonov et al. [137]. Consequently, it is impor-
tant to cross-check the resulting effective capacitance values for positive
and negative half-cycles C+eff and C
−
eff respectively (see Figure 3.3(b)). An
example of such a distinction of half-cycles is given in Figure 3.16(c). All
above-mentioned effects qualitatively look alike for the two half-cycles, even
though the peak values and widths differ slightly. This small difference oc-
curs due to the fact that the discharge of the positive half-cycle occurs
in the streamer mode, which is much noisier compared to the glow-type
discharge that characterizes the negative half-cycle, as described by Orlov
et al. [168]. The different noise levels can also be identified from current
plots I(t), as published e.g. in [32, 79, 148, 172, 178]. Nevertheless, the im-
pact of the discharge type to the resulting effective capacitance is of minor
importance, since the peak values for the effective capacitance only differ
slightly (C+eff/C
−
eff ≈ 1).
The peak values of C0 and Ceff, extracted from the histograms, as demon-
strated in Figure 3.16, are plotted in Figure 3.17 for the same operational
settings as previously discussed in Section 3.2.2 and plotted in Figures 3.5
and 3.7. The results of all configurations consist of two branches. The
lower branches highlight the constant pure passive component character
of the plasma-actuator’s cold capacitance C0 during the above-mentioned
dark periods. The upper branches of Figure 3.17 quantitatively character-
ize the non-constant effective capacitance Ceff during the discharge as a
function of the operating voltage (Figure 3.17(a)) and frequency (Figure
3.17(b)). Therefore, both capacitances (C0 and Ceff) should be taken into
account for the chosen experimental setup, if advanced impedance match-
ing is desired. Similar diagrams have been published by Francke et al. [81]
and Tu et al. [218] for volume-discharge devices, where the steeper slopes
of the parallelograms (cp. Figure 3.3(a)) show an increasing steepness for
increasing amount of plasma until the gas gap is fully bridged.
However, for the plasma-actuator surface discharge it can also be rec-
ognized from Figure 3.17 that the actuator length L influences the up-
per branches slightly, since the slopes for the short actuators (crosses) are
slightly above those for the long actuators (open symbols). This effect can
be explained by the occurrence of 3D effects at the ends of the actuator,
which results in an enlarged total discharge area compared to the length
of the electrode. With increasing actuator-length this edge effect vanishes
and a more ideal 2D situation is realized.
For the plasma actuator materials and dimensions chosen for the present
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Figure 3.17: Plasma actuator capacitances C0 and Ceff for varying opera-
tional configurations (cp. Figures 3.5 and 3.7).
study, the branches of length-related passive component capacitance C0/L
collapse at a constant value of ≈ 80 pF/m over the entire range of inves-
tigated operating conditions. In contradiction to this, the length-related
effective capacitance Ceff/L more than doubles its value from ≈ 200 pF/m
at 7 kV to ≈ 450 pF/m at 14 kV, which is more than five times the cold
capacitance value C0/L (see Figure 3.17(a)). Obviously, for elevated oper-
ating power levels Ceff can easily exceed C0 by one order of magnitude.
Taking into account this significant difference, the necessity of carefully
matching the electrical setups for individual applications has to be empha-
sized, which additionally requires knowledge of the operating conditions.
The resonance frequency of a plasma-actuator system does not only depend
on the actuator length but also considerably on the operating power level.
This is of particular importance, if the chosen operating frequency is close
to the resonance frequency of the entire system, as emphasized in Section
3.3.
3.4.4 Independency-Check of the Probe Capacitor
The choice of the optimal probe capacitor Cp is influenced by the following
aspects: The signal-to-noise level of the recorded probe signal decreases
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with increasing Cp, since the probe signal itself decreases (Cp ∝ 1/Vp).
The presence of the probe capacitor cannot be neglected for small probe
capacitances, since it is connected in series with the actuator,
total︷︸︸︷
1
Ct
=
actuator︷︸︸︷
1
Ca
+
probe︷︸︸︷
1
Cp︸︷︷︸
negligible for
Cp  Ceff > C0
, (3.14)
where (3.14) appears according to (3.12a). The present results were ob-
tained with a probe capacitance of Cp = 22 nF, which is three orders
higher than the actuator capacitance C0 and two orders higher than the
effective capacitance of the discharge Ceff. Furthermore, the assumption
Cp = 22 nF Ceff > C0 is verified by comparing the results obtained with
different capacitors, as demonstrated in Figures 3.18 and 3.19.
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Figure 3.18: Area enclosed by the cyclogram spanned by the probe signals
V and Vp according to (3.15).
Several capacitances (Cp = 0.68 . . .220 nF) and varying capacitor types
(different symbols) were chosen to measure one and the same operating
condition of a plasma actuator (L = 0.45 m, f = 8 kHz, V = 10 kV). The
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enclosed area determined according to
As =
1
K
K∑
k=1
∮
k
Vp(t)dV (3.15)
from the recorded probe signals V and Vp according to (3.5) is shown in
Figure 3.18 for all measured capacitors. Should the chosen probe capaci-
tance does not influence the electrical circuit of the plasma-actuator setup,
the resulting calculations, according to (3.15) have to collapse with the
As ∝ 1/Cp slope (cp. (3.2)), as also sketched in this diagram. It can be
seen that the values are below this line for small probe capacitances and
asymptotically align with the As ∝ 1/Cp slope for larger values of Cp.
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Figure 3.19: Independency check of the chosen probe capacitance Cp on the
calculated power consumption PA according to (3.5).
The results of the power consumption calculations according to (3.5)
are shown in Figure 3.19, where the iso-power line (PA = 26 W) in the
diagram corresponds to the As ∝ 1/Cp slope of Figure 3.18. The adverse
effect of an underdimensioned probe capacitance on the resulting PA is
clearly demonstrated. Obviously, in the present case of C0 = 37 pF, the
electrical circuit has been considerably affected by probe capacitances of
Cp < 10 nF. Furthermore, the poor accuracy of the measured data due to
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the aforementioned weak signal-to-noise ratio (SNR) for overdimensioned
probe capacitances can be identified in Figure 3.19.
This independency study elucidates the necessity of thoroughly speci-
fying the capacitance Cp of the probe capacitor for accurately measuring
the power consumption PA of plasma-actuators. Evidently, a proper choice
of Cp is essential for high quality power consumption measurements of an
electrical plasma-actuator setup, since the probe itself might distort the
correctness of the obtained data. It is therefore strongly recommended
that preliminary investigations to identify an appropriate Cp should be the
first step for any electrical performance quantification effort for evaluating
plasma-actuator systems.
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4 Light Emission Analysis
The sensitivity of the entire electrical plasma-actuator setup with respect
to the distribution of the discharge volume has already been indicated in
Chapter 3. The close relationship between the electrical power consumed
by plasma actuators and the light emission of their discharge is described
e.g. by Enloe et al. [68, 69]. Based on these correlations, a cause-effect-
relation between emitted light and the resulting flow characteristics has
already been demonstrated by Kriegseis et al. [123].
To gain deeper insight into the electro-optical characteristics of plasma
actuators, luminosity investigations of the discharge are introduced in this
chapter. The experimental procedure and (post-) processing strategies to
extract quantifiable measures are described in Section 4.1. Subsequently,
the achieved results and derived insights are discussed in Section 4.2 to
confirm the interrelation between effective capacitance of a plasma actuator
and the discharge distribution over the dielectric surface.
4.1 Discharge Distribution Measurements
Figure 4.1 shows an example photograph of the discharge of DBD plasma-
actuators in air, where the typical lilac color arises from the characteristic
colors of the species involved (cp. Brown [34]).
field of view
(CMOS camera)
exposed (upper) electrode
covered (lower) electrode
discharge plasma
x
z
Figure 4.1: Picture of an operating DBD plasma actuator indicating the co-
ordinate system and measurement domain of the light emission
analysis.
Pavon et al. [172] demonstrated that the light emission of the species i
involved in the plasma-actuator discharge is uniformly distributed over the
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species-dependent wavelengths λi
DBD
. Therefore, the measurement tech-
niques for recording the emitted light do not necessarily have to resolve
information according to wavelength. Consequently, photomultiplier tubes
or high-resolution cameras can be used to obtain results with high tem-
poral and/or spatial resolution, without the need to detect special wave-
lengths. The latter technique is used here, as illustrated in Figure 4.1,
where additionally the coordinate system and measurement domain of the
light emission analysis are highlighted.
The experimental setup is sketched in Figure 4.2. An overhead mounted
CMOS camera (Phantom V12.1, 1280×800 pixels, 24 fps; Nikon 105 mm,
AF Micro NIKKOR f/2.8D) was used to record the time-averaged light
emission of the discharge during the investigation of the electrical opera-
tion parameters (see also Figure 4.1). The electrical measurements were
obtained as described in Section 3.1. Since no actuator length related de-
pendencies were to be expected from the light emission experiments, only
the longest actuator (L = 0.45 m, 1ICb, cp. Table 3.1) was used for the
measurements.
CAM
HV
VpCpV
x
plasma
Figure 4.2: Experimental setup for the light emission analysis comprising
an overhead camera (CAM) and the electrical setup as intro-
duced in Section 3.1.
The chosen exposure time of ∆t = 40ms for the experiments is two orders
of magnitude longer than the discharge period. Therefore, each raw image
j ∈ J corresponds to a time integration of the spatio-temporal luminosity
distribution L(x, z, t). Averaging the J = 100 images yields the spatial
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gray-value distribution
g¯(x, z) =
1
J
J∑
j=1
gj(x, z), where (4.1a)
gj(x, z) =̂
∫
∆tj
L(x, z, t)dt. (4.1b)
The discharge structure is optically characterized by Enloe et al. [63] and
Orlov et al. [168] for the two half cycles of the AC cycle (cp. Leonov et al.
[137]). They distinguish a (diffuse) glow- or Townsend-type discharge for
the negative half cycle and a (highly filamentary) streamer type discharge
for the positive half cycle. Such a distinction can alternatively be performed
based on discharge-current time traces, as reported e.g. by Pons et al. [175]
and Forte et al. [78, 79]. However, it has already been demonstrated in
Section 3.4 that this distinction does not affect the large-scale properties
of the discharge, i.e. the effective capacitance Ceff. The comparison of the
standard deviations σg¯ of the J light emission distributions and σPA of the
power consumption, which are both below 5%, furthermore assures that
(4.1a) is a convenient and valid simplification of the discharge with respect
to its temporal evolution.
According to Becker et al. [18], the governing parameters that pro-
mote/suppress filamentation of discharges at atmospheric conditions are
not yet completely understood. Gherardi et al. [85, 86] and Choi et al.
[40] investigated the transition from glow to streamer discharge at atmo-
spheric conditions for nitrogen and air respectively. The results of such
studies are of great importance, since most plasma-actuator flow-control
applications operate at ambient conditions, i.e. within the range of the
discharge transition. Enloe et al. [65] reported a strong effect of oxygen
presence on the force production, but only minor effects on the plasma
structure itself. Therefore, the filamentary structure of the discharge has
to be taken into account and to be discussed for the light emission analysis.
The spanwise averaged light intensity G(x) and corresponding standard
deviation σG are estimated according to
G(x) =
1
Nz
Nz∑
i=1
g¯(x, zi) (4.2)
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and
σG =
√√√√ 1
Nz − 1
Nz∑
i=1
[
g¯(x, zi)−G(x)
]2
. (4.3)
The resulting gray value distributions G(x) are shown in Figure 4.3(a) for
several power levels. For the most filamentary case at V = 12.3 kV gray
values G(x) and corresponding standard deviations σG are shown in Figure
4.3(b).
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Figure 4.3: Gray-value distribution G(x) along the chordwise coordinate x
(cp. Figure 4.2); (a) for several operating voltages V and power
levels PA; (b) at V = 12.3 kV with corresponding standard
deviation σG and sketch of quantities ∆x and Gp −Gb.
This diagram additionally contains information on the relative peak in-
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tensity
Ĝ =
Gp −Gb
Gb
(4.4)
and the chordwise plasma (illumination) length
∆x = xmax(G(x) > Gb)− xmin(G > Gb). (4.5)
Gb and Gp are the gray values of both background and light emission peak.
For the sake of completeness it should be noted that in the literature ∆x
is usually referred to as either plasma length [8, 49, 127, 214] or plasma
extent [20, 176, 225].
It is important not to confuse the high standard deviation σG of the gray
values with a high uncertainty or error. Rather, it concerns the number
of filaments that occur along the spanwise coordinate z for the streamer
mode [40, 65, 85, 86], which can be recognized in Figure 4.1. Regardless of
its origin, σG can be neglected at chordwise locations, which are relevant
for ∆x estimation, as demonstrated in Figure 4.3(b).
4.2 Interrelation of Plasma Length and Effective
Capacitance
The resulting plasma lengths ∆x according to (4.5) are displayed as a func-
tion of the operating voltage V in Figure 4.4(a). Additionally, the effective
capacitance Ceff/L during the discharge is also provided in Figure 4.4(b)
to allow a direct qualitative comparison between both quantities. At first
glance, a seemingly similar increase of both, the plasma length and the
capacitance, can be identified for increasing operating voltage V . Further-
more, in accordance with the insights concerning the power consumption
PA as already discussed in Section 3.2 (cp. Figure 3.4), both quantities
increase with increasing frequency f .
In order to demonstrate this direct interrelation (cp. Chapter 3), the
effective capacitance Ceff is plotted against the plasma length ∆x in Figure
4.5. The curves of all measured frequencies 8 ≤ f ≤ 13 kHz collapse
in this diagram. This demonstrates the close correlation between ∆x and
Ceff, which is independent of other operating parameters such as V and/or
f . Apparently, the plasma domain appears as a virtual enlargement of the
exposed electrode, where the chordwise plasma length ∆x scales with the
effective capacitance Ceff of the plasma actuator and consequently defines
the effective size of the load in the electric circuit.
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Figure 4.4: Plasma length ∆x (a) and effective plasma-actuator capaci-
tance Ceff (b) as a function of operating voltage V for several
frequencies f .
Therefore, the determination of the chordwise extension of the plasma
along the dielectric layer by means of light emission analysis is a promising
measure for plasma actuator performance quantification. Provided that
the sensitivity of the camera is high enough, this value can be measured
without any calibration, which makes the application of such light emission
diagnostics an appropriate and simple procedure. Looking at the Figures
4.4(a), 4.4(b), and 4.5 it appears that robust empirical relationships of the
form Ceff ∝ ∆ x ∝ V can be derived, where the operating voltage
V additionally requires information about the plasma frequency f for an
unambiguous definition of the actuator-performance level.
Despite the occurrence of streamers and the corresponding high stan-
dard deviation σG in the exposed electrode’s immediate vicinity, the non-
dimensional peak intensity Ĝ reveals useful information about the dis-
charge intensity. Although careful calibration would be necessary in order
to achieve quantitatively comparable results for different experiments, the
linearly increasing relation of operating voltage V and peak intensity Ĝ
is a convenient measure to verify the respective electric measurements, as
demonstrated in Figure 4.6.
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Figure 4.5: Effective actuator capacitance Ceff as a function of plasma
length ∆x for several frequency f .
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Concluding, the electrical and optical measurement approaches as dis-
cussed in Chapters 3 and 4 respectively, represent independent but consis-
tent measures to characterize and quantify the discharge performance of
plasma actuators. Based on these discharge specific quantities the applica-
tion of plasma actuators as flow-control devices will be discussed extensively
in Chapters 5 - 7.
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5 Momentum Transfer to the Air I:
Fluid Mechanic Fundamentals and
Explicit Measurements
The main characteristic of plasma-actuator applications as flow-control de-
vices is the common objective to favorably manipulate the properties of an
existing airflow by means of momentum transfer from the charged ions to
the surrounding air. As mentioned in Chapter 2.1, this momentum transfer
is typically termed plasma-actuator body force or volume force. Despite
the general knowledge about the momentum transfer characteristic, the
magnitude, spatial distribution and temporal evolution of this force cannot
easily be predicted, either from first principles or using calibration models.
The next two Chapters 5 and 6 focus on the experimental determination
of the plasma-actuator force and a comparison of the pure electrical quanti-
ties with the fluid mechanic results. Several experimental approaches have
been published for a time-averaged [2, 71, 216] and time-resolved [62, 178]
explicit estimation of the plasma-actuator force. Besides these explicit force
estimation strategies, it is possible to calculate the force indirectly from ve-
locity measurements. The latter will be referred to as implicit strategies,
which can be further divided into integral and differential methods. In-
tegral methods calculate a net value for the actuator force, based on the
momentum balance equation. Deeper insight into the spatial distribution
of the induced force is provided by differential methods, which are based
either on the Navier-Stokes equations [234] or on the vorticity equation [5].
In Section 5.1 a review of the governing fluid mechanic equations is pro-
vided as relevant to determine the momentum transfer from the discharge
region to the air. Subsequently, time averaged explicit and implicit mea-
surements of the plasma-actuator force (distribution) are introduced and
discussed in Section 5.2 and Chapter 6, respectively. In the latter, partic-
ular emphasis is placed on the distinction of existing processing strategies
and the consequences of different published assumptions on the resulting
force and thrust estimations.
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5.1 Governing Fluid Mechanic Equations
In this Section the fluid mechanic background is provided as required for
the momentum transfer analysis, based on the books of Spurk [210], White
[232] and Aris [11], and the governing equations for the force estimation
approaches are introduced. To facilitate the subsequent implementation
of experimental data, all equations are derived in index notation1, where
Einstein’s cartesian summation convention is used (see [11, 210]).
5.1.1 Continuity Equation
The conservation of mass says that the mass m of any bounded piece of
fluid has to remain constant with respect to time, i.e.
Dm
Dt
= 0. (5.1)
This massm is the sum ofM mass elements dm, which in continuum theory
can be expressed by the spatial integration of the density ρ(~x, t) over the
bounded volume V (t) according to
m =
∫
M
dm =
∫∫∫
V (t)
ρdV, (5.2)
where further application of the material derivative,
D
Dt
=
∂
∂t
+ ui
∂
∂xi
, (5.3)
leads to
D
Dt
∫∫∫
V (t)
ρdV =
∫∫∫
V (t)
[
∂ρ
∂t
+
∂
∂xi
(ρui)
]
dV = 0. (5.4)
The integrand of (5.4) vanishes for infinitesimal size such that the differen-
tial form of the continuity equation arises,
∂ρ
∂t
+
∂
∂xi
(ρui) = 0, (5.5)
which can furthermore be rewritten to
Dρ
Dt
+ ρ
∂ui
∂xi
= 0 (5.6)
1In a few exceptional cases the vector notation is used for clarity.
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by means of the material derivative (5.3). Transformation of the left side of
(5.2) by means of Reynolds’ transport theorem leads to the integral form
of the continuity equation
D
Dt
∫∫∫
V (t)
ρdV =
∫∫∫
V
∂ρ
∂t
dV +
∫∫
S
ρuinidS = 0, (5.7)
where a fixed control volume is considered. The time-derivative term of
(5.7) vanishes for steady flow ∂ρ/∂t = 0, such that the remaining expression
is ∫∫
S
ρuinidS = 0. (5.8)
5.1.2 Momentum Balance Equation
The momentum balance as the first axiom of classical mechanics says that
in an inertial frame the rate of change of the momentum of a body is
balanced by the force applied on this body [210]:
DIi
Dt
= Fi. (5.9)
Similar to (5.2) the momentum Ii = mui can be expressed by
Ii =
∫∫∫
V (t)
ρuidV. (5.10)
Generally, the sum of forces Fi is divided into volume forces F
(V )
i (e.g.
gravity) and surface forces F
(S)
i (e.g. pressure) according to
Fi =
F
(V )
i︷ ︸︸ ︷∫∫∫
V (t)
ρkidV +
F
(S)
i︷ ︸︸ ︷∫∫
S(t)
tidS . (5.11)
Combining (5.10) and (5.11) with (5.9) leads to
D
Dt
∫∫∫
V (t)
ρuidV =
∫∫∫
V (t)
ρkidV +
∫∫
S(t)
tidS. (5.12)
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Subsequent application of Reynolds’ transport theorem on (5.12) results in
the integral form of the momentum balance equation∫∫∫
V
∂ρui
∂t
dV +
∫∫
S
ρuiujnjdS =
∫∫∫
V
ρkidV +
∫∫
S
tidS, (5.13)
which again is reduced to∫∫
S
ρuiujnjdS =
∫∫∫
V
ρkidV +
∫∫
S
tidS (5.14)
for a steady flow (∂/∂t = 0).
Analogous to (5.5), for an infinitesimal control volume the integration can
be omitted in (5.13). Therefore, with further application of Gauss’ theorem
(5.13) can be transformed to the differential form of the momentum balance
∂
∂t
(ρui) +
∂
∂xj
(ρuiuj) = ρki +
∂
∂xj
(τji). (5.15)
This equation is known as Cauchy’s first law of motion.
5.1.3 Navier-Stokes Equations
Newtonian fluids have a linear relationship between the stress tensor τij
and the symmetric deformation tensor
eij =
1
2
{
∂ui
∂xj
+
∂uj
∂xi
}
. (5.16)
Hence, these fluids can be defined by the constitutive linear relation of the
Cauchy-Poisson law
τij = −pδij + λ∗ekkδij + 2ηeij . (5.17)
In (5.17) δij is the Kronecker delta, η is the dynamical viscosity and λ
∗ is
the bulk viscosity, which is associated with volume expansion [232].
Combination of the momentum balance (5.15) with the Cauchy-Poisson
law (5.17) and the deformation tensor (5.16) leads to the Navier-Stokes
equation (NSE)
Dρui
Dt
= ρki − ∂
∂xi
{
−p+ λ∗ ∂uk
∂xk
}
+
∂
∂xj
{
η
[
∂ui
∂xj
+
∂uj
∂xi
]}
, (5.18)
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in which the exchange properties of δij have already been applied.
For incompressible flow the material derivative of the density is zero,
Dρ
Dt
= 0, (5.19)
which, according to (5.6), leads to
∂ui
∂xi
= 0. (5.20)
Consequently, in consideration of (5.20), for incompressible flows the NSE
(5.18) is simplified to
ρ
Dui
Dt
= ρki − ∂p
∂xi
+ η
∂2ui
∂xj∂xj
. (5.21)
Furthermore, by replacing the volume-force term ρki by a general volume-
force density fi one obtains
ρ
∂ui
∂t
+ ρuj
∂ui
∂xj
= − ∂p
∂xi
+ η
∂2ui
∂xj∂xj
+ fi. (5.22)
Based on this general description of a volume force (5.22), an estimation of
the plasma-actuator generated source term can be conducted. Assuming
steady flow and rearranging (5.22) results in
fi − ∂p
∂xi
= ρuj
∂ui
∂xj
− η ∂
2ui
∂xj∂xj
(5.23)
for the estimation of the plasma actuator’s body-force distribution (in sum-
mation with the pressure gradient).
The validity of assumption (5.19) is demonstrated by Enloe et al. [60, 66].
They report maximal density deviations ∆ρ from the mean density ρ¯ in the
plasma’s immediate vicinity of ∆ρ/ρ¯ ≤ 2%.
5.1.4 Vorticity Equation
The vorticity equation derivation begins with (5.22). Taking the curl of the
NSE, i.e. applying the operator ijk
∂
∂xj
to (5.22), and use of expression
ωk = ijk
∂ui
∂xj
(5.24)
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for the vorticity ωk results in
ijk
∂fi
∂xj
= ρ
∂ωk
∂t
+ ρui
∂ωk
∂xi
− η ∂
2ωk
∂xi∂xi
. (5.25)
In this formulation of the vorticity equation the assumption of a two-
dimensional flow, i.e.
ωk
∂uk
∂xj
= 0, (5.26)
has already been made. Furthermore, the time-derivative term in (5.25)
vanishes in the case of steady flow, which leaves
ijk
∂fi
∂xj
= ρui
∂ωk
∂xi
− η ∂
2ωk
∂xi∂xi
(5.27)
for subsequent source term estimations. Note that the formerly present
pressure term ∂p/∂xi is eliminated in the vorticity equation (5.25) and
(5.27).
For the standard case of spanwise orientated (chordwise forcing), uni-
directionally implemented plasma actuators as discussed throughout the
present work, assumption (5.26) is valid apart from edge effects at the
very tips of the devices. However, when implemented in chordwise direc-
tion [95, 104] (spanwise forcing) or even more, when the actuator shape
is circularly orientated [196, 197] (radial forcing) or shows different curva-
ture [194, 230], then assumption (5.26) is an oversimplification of the flow
situation at least in the proximity of the actuator.
5.2 Explicit Measurements
The thrust of the discharge driven wall jet is a convenient measure to
quantify the effectiveness of a plasma actuator, as emphasized e.g. by Abe
et al. [1, 2], Enloe et al. [69] or Thomas et al. [216]. Experimentation
of the temporal evolution of force production is a rather challenging topic,
as demonstrated by Enloe et al. [62] and Porter et al. [177]. Since the
push-push vs. push-pull interpretation of the plasma physics has not yet
been clarified, ongoing research concentrates on both time-dependent and
steady force measurements. Generally, a steady force F can easily and
explicitly be measured by means of a weight balance, as described e.g. by
Hoskinson et al. [101–103] or Gregory et al. [92]. This force F should not
be understood as the body force Fb produced by the actuator, since it is
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actually the body force Fb minus some unknown wall friction force Ff on
the surface downstream of the actuator up to the end of the plate carrying
the actuator, i.e.∫∫
S
ρuiujnjdS
︸ ︷︷ ︸
thrust
=
∫∫∫
V
ρkidV
︸ ︷︷ ︸
body force
+
∫∫
S
tidS
︸ ︷︷ ︸
friction
(5.28a)
Ft = Fb − Ff . (5.28b)
This fact is usually neglected in the literature.
Enloe et al. [62] distinguished the contribution of the two half-cycles
on the plasma force production by means of a torsional pendulum and
demonstrated the presence of a self-induced drag counteracting this plasma
force. Furthermore, there have been a few attempts made to calculate the
friction force from PIV measurements of the wall jet (e.g. Versailles et al.
[225], Albrecht et al. [6]). Due to the very thin wall jet near the electrodes,
the relatively high velocities there and the additional uncertainty about
the unsteady situation in terms of laminar-turbulent transition, this is a
rather challenging task, which will be discussed at length in Section 6.
Nevertheless, being aware of the friction force term of (5.28b), a comparison
can be made on the basis of the resulting amount of thrust Ft (usable force)
released by the body force Fb.
5.2.1 Experimental Procedure
The experimental thrust determination setup comprises three measurement
systems, as sketched in Figure 5.1. The plasma actuator is mounted on an
acrylic plate, which is connected to a weight balance (KERN PCB 250-3
precision balance, accuracy 1 mg) using a H1/H2 = 3 : 1 rocker to amplify
the actuator thrust. This particular arrangement allows the simultaneous
measurement of the electrical quantities PA and Ceff as explained in Section
3.1, the corresponding plasma length ∆x according to Section 4.1 and the
resulting thrust Ft by means of the rocker-balance combination.
First, a set of separate experiments on the thrust production Ft of the
plasma-actuator was conducted for two different lengths L to verify the
independence of the estimated relative thrust Ft/L from the underlying
actuator length. In order to match the size of the wind tunnel facilities ,
the lengths L1 = 0.17 m (cp. Duchmann et al. [56]) and L2 = 0.44 m (cp.
Grundmann [93]) were used for this preliminary investigation. Thereafter
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Figure 5.1: Experimental setup: (a) sketch of the test rig comprising over-
head camera (CAM), weight balance (WB), rocker (H1/H2);
(b) detailed view of electrical measurement devices: V actua-
tor voltage, Vp charge-probe voltage, Cp charge-probe capaci-
tor, chordwise plasma distribution.
the power consumption PA, effective capacitance Ceff and plasma length
∆x have been measured simultaneously for various operating voltages V
and frequencies f , by applying the methods described in Section 3.5 and
4.2. These experiments were performed for an actuator length of L = 0.45
m (1ICb, see Table 3.1).
5.2.2 Thrust Production Determination
According to the reports of Ferry and Rovey [71], the measured weight-
balance signals of operative plasma actuators can be considerably affected
during experimentation. This issue has been taken into account by a ro-
bust processing strategy, which allows noisy and/or drifting behaviors to be
handled: The thrust measurements were conducted by repeatedly operat-
ing the actuator, which allowed a multi-step analysis of the resulting weight
balance signal W (t). An example of a measured time trace is sketched in
Figure 5.2, where additionally all required intermediate quantities are de-
noted. First, the averaged balance signalsWn and corresponding standard
deviations σWn are calculated for each plateau n ∈ NW separately. The
ranges of excluded data are identified from the balance-signal derivative
dW/dt, as shaded gray in Figure 5.2.
Subsequently, the averaged thrust Ft produced by the plasma actuator
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Figure 5.2: Weight-balance signalW (t) and required quantities for estimat-
ing the plasma actuator thrust Ft.
can be estimated according to
Ft =
H2
H1
g
NW − 1
NW−1∑
n=1
∆Wn, (5.29a)
where
∆Wn =
∣∣Wn+1 −Wn∣∣ . (5.29b)
In contradiction to the previously published reports of non-constant bal-
ance signals by Ferry and Rovey [71], neither σW nor σ∆Wn showed sig-
nificant values for the presented experiments. Therefore, the introduced
(post-) processing approach is an appropriate and robust measure for es-
timating the wall-jet thrust Ft, which corresponds to the usable difference
between plasma-actuator body force Fb and the adverse effect of friction
Ff .
An example of balance-based plasma-actuator thrust results is shown in
Figure 5.3. For lower voltages V , an increasing slope for the thrust Ft is
observed, which develops into a linear relation at higher voltages. This
result is in good agreement with reports of Van Dyken et al. [221] or
Thomas et al. [216]. Furthermore, two different actuator lengths L1 =
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0.17m and L2 = 0.44m were used in order to ensure that the influence of
friction at the pivot bearings can be neglected, as demonstrated in Figure
5.3(b).
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Figure 5.3: Plasma-actuator thrust Ft for two actuator lengths L (L1 =
0.17 m and L2 = 0.44 m) at f = 10 kHz and various operating
voltages V ; (a) absolute thrust Ft, (b) relative thrust per meter
length Ft/L.
5.2.3 Characteristics of Thrust Production and its
Effectiveness
For the simultaneously conducted experiments the operating frequency was
varied systematically in the range f = 8 − 13 kHz. However, only the
longest actuator setup (L = 0.45 m, 1ICb see Table 3.1) was used in order
to obtain the best possible signal-to-noise ratio (SNR) for the balance mea-
surements. A subsequent calculation of universally valid relative values has
been carried out, since the experimental setup works accurately enough, as
demonstrated in Figure 5.3(b). The results are shown in Figure 5.4.
Here the resulting thrust per length Ft/L is presented as a function of
several discharge specific quantities. For instance, Figure 5.4(a) shows the
actuator thrust as a function of the operating voltage V . In good agreement
with the results of Thomas et al. [216], the observed thrust rises with the
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frequency. This result comes as no surprise, since it has been demonstrated
in Chapter 3 that both operating voltage V and frequency f significantly
affect the resulting performance of plasma actuators. Consequently, in
order to quantify any DBD actuator scenario, either both variables have to
be presented together or the more precise correlations, as introduced and
discussed in Sections 3.2, 3.4 and 4.2, should be chosen.
A thrust-power diagram is plotted in Figure 5.4(b), as already shown
by Van Dyken et al. [221] or Gregory et al. [92], for instance. Note
the positive slopes of the resulting curves, which are slightly decreasing at
higher values of PA/L. This shape of the thrust-power diagram already
suggests the beginning of the repeatedly reported wall-jet saturation of
at Umax ≈ 8 m/s (see e.g. Boeuf et al. [28] or Moreau et al. [157]),
where the electrical power consumption PA has to be strongly increased for
further wall-jet acceleration and consequently further thrust augmentation.
Illustrative examples are given by Van Dyken et al. [221] and Forte et al.
[79], for instance.
This effect is more clearly demonstrated in Figure 5.5, where the fluid
mechanic effectiveness2 η∗
FM
according to definition (2.8b) is presented. A
similar dimensioned coefficient has already been suggested by different au-
thors. Ferry and Rovey [71] introduce the so-called actuator effectiveness.
Other authors (e.g. Gregory et al. [92], Hoskinson et al. [101, 102] and
Porter et al. [179]) in contrast, refer to it as the force (production) efficiency
or simply keep the term thrust (Enloe et al. [69]).
2Recall the discrepancy between the term efficiency and a dimensioned coefficient ac-
cording to definition (2.8b) and the corresponding explanation in Section 2.3.
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Figure 5.4: Plasma-actuator thrust Ft/L as a function of discharge specific
variables for several frequencies f : (a) operating voltage V ;
(b) consumed power PA/L; (c) plasma length ∆x; (d) effective
discharge capacitance Ceff/L.
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The resulting curves of the η∗
FM
−PA diagram (Figure 5.5(a)) confirm the
above mentioned assumption of a beginning wall-jet saturation: For the
particular actuator dimensions and materials chosen for the present work,
the most effective momentum transfer takes place at PA/L ≈ 40 W/m for
the entire measured voltage-frequency combinations (Figure 5.5(b)).
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Figure 5.5: Fluid mechanic effectiveness η∗
FM
as a function of operating volt-
age V (a) and consumed power PA (b) for several frequencies
f .
In addition to the conventional interrelationships, based on the above
processing strategies, Figures 5.4(c) and 5.4(d) show the actuator thrust
Ft/L as a function of the novel evaluation measures, i.e. plasma length
∆x and discharge capacitance Ceff. A comparison of Figures 5.4(a) and
5.4(c) indicates that the slopes are identical for the different experiments.
In addition to that, the resulting plots in the ∆x−Ft/L diagram of Figure
5.4(c) collapse for the entire measured frequency range f = 8 − 13kHz.
This result demonstrates the improved robustness of the plasma-length
based description of the actuator thrust, since the complex presentation of
combined voltage-frequency parameter information is no longer necessary.
A similar comparison can be performed with Figures 5.4(b) and 5.4(d). The
slopes of these two diagrams look similar, as well. Therefore, it is possible
to easily switch between the two representations depending on the purpose
of the measurement. Figure 5.4(b) is favorable to document and discuss
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results of precisely adjusted power levels, whereas Figure 5.4(d) should be
preferred for adjusting the impedance of the actuator system. Since both
representations can be derived from one and the same measurement, it is
strongly recommended to calculate both, the consumed power PA and the
effective discharge capacitance Ceff.
In conclusion, these experiments provide a deeper insight into the plasma
actuator performance characterization. Measurement of the electrical and
optical discharge-specific quantities of an operative plasma actuator is sim-
ple and easy to implement but all the more promising to characterize and
quantify the actuator performance. In particular, power consumption PA,
effective capacitance Ceff and plasma length ∆x have proven to be appro-
priate measures to describe the the resulting thrust production of plasma
actuators without the formerly required detailed knowledge of operating
voltage and frequency. Based on the simultaneously obtained data valu-
able new correlations are identified.
These interactions allow to draw the conclusion that a combined anal-
ysis of power consumption PA, effective discharge capacitance Ceff and
corresponding plasma length ∆x provides a universal and robust means to
characterize, quantify and predict the DBD based thrust production for
flow-control applications. Finally, this data provides an excellent bench-
mark for implicit estimations of thrust and body-force production based
on experimentally determined velocity information.
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Implicit Measurements and
Comparison
The direct determination of the momentum induced in the flow by the
presence of an operative plasma actuator has been introduced and dis-
cussed in Section 5.2 alongside with explicit weight-balance based thrust
measurements. Generally, a common and widely used alternative to ex-
plicitly measuring the momentum imparted to the flow is the experimental
determination of the resulting velocity distribution, where the forces acting
on the flow are subsequently implicitly estimated based on fluid mechanic
balance equations. In most cases, where only surface forces ~t contribute to
the momentum transfer and no source term ~k is present inside the observed
fluid volume, the so-called Control Volume Analysis allows a reliable cal-
culation of the forces acting on the flow (see e.g. Dabiri [48], Rival et al.
[185, 186] or van Oudheusden et al. [222, 223]).
As discussed before and already considered in Section 5.1, the plasma-
actuator force contributes an additional source term to the governing equa-
tions. Accurate estimation of this additional source term based on velocity
measurements is a rather challenging task. A comparison of recent pub-
lications on the topic of implicit plasma-actuator force determination ap-
proaches demonstrates that there still remains uncertainty concerning a
reliable distinction of valid assumptions and oversimplifications.
Hence, a comparative analysis of various existing implicit force estima-
tion strategies [6, 17, 103, 118, 225, 234] is performed in this Chapter, in
particular clarifying the effects of different assumptions and simplifications
on the calculated results. The underlying data base of velocity distribu-
tions for this evaluation is generated by means of Particle Image Velocime-
try (PIV) experiments in proximity of an operative plasma actuator, which
allow the direct comparison of integral and differential methods based on
identical measurements.
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6.1 Experimental Procedure
To investigate the flow behavior and especially the momentum transfer to
the flow, PIV measurements have been conducted in close proximity to the
discharge region of the actuator. Different operating voltages V = 8 − 12
kV (f = 11 kHz) were applied to investigate the influence of the electrical
power level on the resulting force and thrust production.
6.1.1 Experimental Setup
The experimental setup is sketched in Figure 6.1. It comprises two sep-
arate systems for simultaneous measurements of electrical characteristics
of the DBD actuator and the resulting flow-field in proximity of the dis-
charge domain. The electrical measurements were carried out as described
extensively in Chapter 3 to record and calculate operating voltage V and
power consumption PA of the actuator. The plasma actuator is flush-
mounted on a black acrylic plate to prevent reflections. For orientation
purposes the wall-jet direction as well as the origins and directions of x-
and y-coordinates are also included in Figure 6.1.
laser
camera #1
camera #2
FOV #2
FOV #1
VpCpV
HV
y
x
Figure 6.1: Sketch of the experimental PIV setup.
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A commercial high-speed PIV system1 comprising a Litron Nd:YLF
(λ = 527 nm) dual-cavity laser and two Phantom V12 high-resolution
cameras (12 bit, maximum resolution 1280×800 pixels) was utilized, which
was operated in single-frame mode at a repetition rate of 10k frames per
second (fps) and a pulse duration of 150 ns. This high repetition rate
with ∆t = 100µs required the reduction of the spatial resolution down
to 800×600 pixels. A maximum number of N = 10k images per run per
camera was recorded, exploiting the available buffer capacity of 8 GB. The
cameras were mounted facing one another perpendicular to the laser-light
sheet as sketched in Figure 6.1. This arrangement allowed the simultane-
ous observation of two different fields of view (FOV). This choice provided
the highest possible spatial resolution (81.3 pix/mm) in the plasma’s im-
mediate vicinity, suitable for force calculations (FOV #1). In addition,
the spatial distribution of the resulting wall-jet downstream of the dis-
charge domain can be characterized for identical experimental realizations
with FOV #2, which has approximately half the spatial resolution (42.2
pix/mm) but spans twice the physical domain compared to FOV #1. A re-
versely mounted2 120 mm SKR SYMMAR lens and a 105 mm Nikon Nikkor
lens were fitted to span the observation dimensions 10×7 mm2 (FOV #1)
and 19×14 mm2 (FOV #2) respectively.
The smallest actuator length (L = 0.15 m, 1IAb see Table 3.1) was
used for the experiments to allow optical access from both sides with the
given focal lengths of the lenses. The test section was enclosed in a closed
plexiglass containment (450×325×345 mm3) with quartz-glass windows to
assure best possible quality of optical accesses for laser-light sheet and
cameras. Di-Ethyl-Hexyl-Sebacat (DEHS) aerosol (mean diameter 0.9 µm)
is used to seed the containment. A detailed list of components and settings
is given in Table 6.1.
The issue of electrophoretic forces acting on the seeding particles has been
studied by Kim et al. [114], for instance. Based on a direct experimental
comparison of the seeding particle-density distribution in the presence and
absence of DBD they report a negligible influence of seeding particle charg-
ing on the resulting velocity measurements. This conclusion is confirmed by
theoretical estimations of Wilke [234]. Furthermore, a comparative study
1It was found in preliminary PIV studies [154, 234] that the highest possible frame
rate (10k fps) is essential for adequate data accuracy in terms of second and third
derivatives of experimentally obtained velocity data as used in the Navier-Stokes and
vorticity equations (see Section 5.1).
2This particular setting was chosen to reduce the observed domain beyond the lens’
lower magnification limit of 1:1.
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Table 6.1: Components of the implemented PIV setup: Chosen product,
properties and corresponding settings.
component product settings/properties
test section perspex containment dimensions
(length/width/height):
450 mm/325 mm/345 mm
laser Litron Lasers
Model LDY303-PIV
laser medium: Nd:YLF
527 nm, 70 W
pulse duration: 150 ns
cameras 2×Phantom V12 800×600 pixels, 10000 fps
lens #1
(FOV #1)
Schneider-Kreuznach SKR
SYMMAR 120/5.6-0.33X
(reverse mode!)
focal length: f=120 mm
field of view: 10×7 mm
resolution: 81.3 pix/mm
lens #2
(FOV #2)
Nikon Nikkor 105 mm
f/2.8 AF-Micro
focal length: f=105 mm
field of view: 19×14 mm
resolution: 42.2 pix/mm
seeding DEHS mean diameter 0.9 µm
Software Dynamic Studio
(Dantec Dynamics)
Versions 2.1 and 2.3
of Boucinha et al. [32] leads to the conclusion that the accuracy of the
determined airflow velocity is mainly depends on the accuracy of the entire
measurement setup, whereas the impact of a particular chosen tracer sub-
stance is of minor importance. Following these reports, the issue of seeding
charging is presumed to be negligible in this work.
Although the major objective of the PIV investigations was a force (dis-
tribution) quantification and the spatial resolution of FOV #1 fulfilled the
corresponding requirements to the setup, the availability of a second camera
(FOV #2) was found to be extremely beneficial for future work. Based on
the calculated DBD source terms from FOV #1 (see Section 6.3.2), these
additional velocity data from FOV #2, comprising a fully developed wall
jet, are available for validation of future3 numerical simulations including
the DBD source term as determined in the present work from FOV #1.
3At the date of publication of the present work, such efforts are already underway at
TU Darmstadt.
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6.1.2 PIV Data Processing
The velocity distributions were calculated from the raw data using commer-
cial software (Dynamic Studio). The maximum accuracy of PIV algorithms
is in the range of 0.1 pixel (see e.g. Nobach and Bodenschatz [160]), which
results in a (theoretical) velocity accuracy of the order 10−2m/s for the
present parameter settings. To achieve the best possible accuracy, first
the raw images were cut to the range of interest (ROI) and the signal-to-
noise ratio (SNR) was improved by subtracting the image mean. Subse-
quently, the N − 1 flow fields Ui(x, y) were calculated with a multi-grid
cross-correlation algorithm (’adaptive correlation’). Rectangular interro-
gation areas (IAs) with a final/initial size of 64×16 / 512×128 pixels and
32×16 / 256×128 pixels and 75% overlap were chosen for FOV#1 and FOV
#2 respectively, to fulfil the requirements of calculating a wall jet’s velocity
profile, i.e. strong wall-normal velocity gradients (∂ui/∂y  ∂ui/∂x) and
high wall-parallel velocities (u  v). Furthermore, window deformation
and a Gaussian window function (k = 2) were applied for the velocity-
distribution calculations. Outliers (< 5%) were eliminated using a neigh-
borhood validation (3×3).
The time averaged velocity distribution ui(x, y) and corresponding stan-
dard deviation σui were subsequently calculated according to
ui(x, y) =
1
N − 1
N−1∑
n=1
Ui(x, y,∆tn) (6.1)
and
σui =
√√√√ 1
N − 2
N−1∑
n=1
[
Ui(x, y,∆tn)− ui(x, y)
]2
. (6.2)
To assure statistical significance of the averaged data, four characteristic
flowfield locations are chosen to estimate the convergence of the time av-
eraged data in terms of relative standard deviations of the velocity σu/u
for increasing number of records N taken into account. These locations
are in particular (A) the zone above the discharge domain, where a suction
towards the DBD occurs at low velocities, (B) the shear layer between wall
jet and quiescent air directly above (C) the location of the fastest measured
wall-jet velocity and (D) the fully developed wall-jet profile. The relative
standard deviation σu/u for locations A-D as a function of the number of
records N is shown in Figure 6.2. Similar convergence diagrams of particle-
based velocimetry have been published e.g. by Benard and Moreau [23]
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Figure 6.2: Statistical significance of the PIV data at characteristic loca-
tions: Sketch of sample locations and convergence diagram of
relative standard deviations σu/u (average of 3×3 data points);
A-C: FOV #1, D: FOV #2; operating voltage V = 12 kV.
(time-resolved PIV), Greenblatt et al. [91] (LDA) or Widmann et al. [233]
(phased-locked PIV). From Figure 6.2 it can be concluded that statistical
significance was ensured by recording N = 10k images per measured oper-
ating voltage V . Note the high ratio of σu/u(> 10%) for convergence at
location (A), where the AC character of the discharge is perceptible.
For more details about PIV and the corresponding data (post) process-
ing, the reader is referred to Adrian [3, 4], Raffel et al. [181], Tropea et al.
[217] and Westerweel [231].
6.1.3 Electrical Results
The main discharge specific quantities of the plasma actuator (power con-
sumption PA and actuator capacitances C0, Ceff) are determined as de-
scribed in Chapter 3 and are plotted in Figure 6.3 for the measured param-
eter range of the PIV experiments. To demonstrate the reproducibility of
actuator construction and electrical experimentation, results of the electri-
cal experiments as described in Chapter 3 for identical operating conditions
are added to the diagrams (cp. Figures 3.5(a) and 3.17(a), 1IAb, 11 kHz).
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Figure 6.3: Electrical plasma-actuator performance for the measured pa-
rameter range of the PIV experiments; (a) power consumption
PA, (b) Capacitances: Cold capacitance C0 and effective dis-
charge capacitance Ceff.
6.2 Wall-Jet Characteristics
Example results of the velocity distribution from the strongest actuation
(V = 12 kV) are shown in Figure 6.4 for both FOVs. Additionally, the cho-
sen control volume (CV) for the subsequent force estimation procedure is
denoted in Figures 6.4(a) and FOV #1 is indicated in 6.4(b), both sketched
with white dashed lines. The chordwise extension of the CV (8.3 mm) is
chosen based on the results presented in Chapter 4, where a plasma length
of ∆x ≈ 6.5 mm was measured for V = 12 kV (cp. Figure 4.4(a)).
The basis of the implicit force estimation approaches is the characteri-
zation of the resulting airflow with best possible accuracy. The quality of
these velocity profiles is decisive for the accuracy of any results from subse-
quent calculations. Figure 6.5 shows the velocity profiles of the entire mea-
sured operating conditions for both FOVs, where the location x = 6 mm
is chosen as a matching interface. Qualitatively, the spatial resolutions of
both FOVs lead to the same profiles, but the limited resolution of FOV
#2 can be noticed especially for the fastest (thinnest) wall jets in Figure
6.5(b), where only one single velocity data point is available between wall
(y = 0) and velocity maximum umax.
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Figure 6.5: Wall jet velocity profiles u(x=6 mm, y) for all measured oper-
ating voltages V = 8− 12 kV.
Generally, the velocity profile of a wall jet is characterized by its thickness
δ and the characteristic maximum velocity umax (Glauert [89]). An accurate
estimation of δ from experimental data is very challenging. Therefore, the
wall normal distance of 50% jet velocity serves as a more robust spatial
measure to scale the profile, i.e.
δ1/2 = y
(umax
2
)
. (6.3)
Based on the data of Figure 6.5, Figure 6.6 shows example wall-jet pro-
files, normalized by
u∗ =
u
umax
and y∗ =
y
δ1/2
. (6.4)
Furthermore, the data of x = 16 mm (FOV #2) are included in the di-
agram. Similar non-dimensional wall jet profiles have been published for
plasma-actuator wall jets by Jukes et al. [112] or Thomas et al. [216],
for instance. Jukes et al. [112] additionally presented the theoretical pro-
files for laminar and turbulent wall jets according to Glauert [89], where
y∗(umax)
∣∣
lam.
≈ 0.5 and y∗(umax)
∣∣
turb.
≈ 0.25. With these data it can be
concluded from Figure 6.6 that the plasma-actuator generates a laminar
wall jet. For a more detailed insight into the characteristics and optimiza-
tion of discharge based wall jets, the reader is referred to Balcon et al.
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Figure 6.6: Non-dimensional velocity profiles of the wall jet;
u(x=6mm, y): both FOVs, u(x=16mm, y): FOV #2;
operating voltages: V = 8, 10, 12 kV.
[14], Forte et al. [78, 79], Jolibois et al. [108–110], Jukes et al. [112] and
Thomas et al. [216].
6.3 Force Estimation Approaches
At first, as an overview over existing strategies of plasma-actuator force
estimation, all integral [17, 103, 118, 225] and differential [6, 234] meth-
ods are briefly introduced. In Figure 6.7 the control volumes (CV) are
sketched, which are required for both integral and differential approaches.
The dimensions of the chosen CV are xmin = −1.5 mm, xmax = 6.8 mm,
and ymin = 0 (wall boundary) and ymax = 4 mm. For all approaches the
flow is assumed to be two-dimensional, steady, of constant viscosity and
incompressible (cp. Section 5.1).
6.3.1 Integral Methods
All implemented integral methods originate from the momentum balance
equation (5.14) applied in x-direction (free index i =ˆ x), where the first
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Figure 6.7: Sketch of the implemented control volume and chosen boundary
nomenclature as used for the force estimation: Velocity distri-
bution is sketched with black arrows, force is shaded gray.
right-hand-side term of the general volume force ki is substituted by the
unknown plasma force Fi := F . In order not to confuse the reader while
introducing and comparing the approaches, it is refrained from distinguish-
ing between the body force Fb and the resulting thrust Ft in this Section.
Based on the respective assumptions and simplifications, all approaches
have originally been suggested to characterize the plasma actuator perfor-
mance, which will be simply denoted as F here. Further interpretations and
conclusions drawn from the different results will clarify this issue retroac-
tively in Section 6.4.
Assuming steady, incompressible 2D flow and assuming no contributions
of the ti-integral on any of the outer control volume surfaces, (5.14) reduces
to
F
L
= ρ
∫
right
u2 dy − ρ
∫
left
u2 dy + ρ
∫
top
uv dx+
∫
wall
τw dx, (6.5)
with F as the only unknown. However, depending on the available mea-
surement equipment (e.g. PIV, LDA4, CTA5, Pitot probe) further simplifi-
cations may be required in such that certain right-hand-side terms of (6.5)
are neglected. Depending on the degree of simplification the integral meth-
ods can be subdivided into four different cases, which are briefly described
in the following and are listed below in Table 6.2.
Case 1: Versailles et al. [225] process their PIV-data taking all terms of
(6.5) into account. Based on the no-slip wall condition they calculate
4Laser Doppler Anemometry
5Constant Temperature Anemometry
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the wall-shear stress by means of the first data point above the wall
according to
τw = µ
∆u
∆y
∣∣∣∣∣
1.IA
, (6.6)
where the first row of interrogation areas is used for the determina-
tion. Insertion of (6.6) into (6.5) leads to
F
L
= ρ
∫
right
u2 dy − ρ
∫
left
u2 dy + ρ
∫
top
uv dx+ µ
∫
wall
∆u
∆y
∣∣∣∣∣
1.IA
dx. (6.7)
for the force term estimation.
Case 2: In contrast to Case 1, Durscher and Roy [58] and Kotsonis et al.
[117, 118] only calculate the momentum flux crossing the control-
volume boundaries of their PIV domain according to
F
L
= ρ
∫
right
u2 dy − ρ
∫
left
u2 dy + ρ
∫
top
uv dx. (6.8)
Thus the force calculated by this method directly corresponds to the
left side of (5.28), where the actuator thrust is characterized.
Case 3: Hoskinson et al. [102, 103] estimate the actuator force based
on Pitot-tube measurements. In addition to neglecting the wall-
shear stress they further assume the flux over the left and top CV-
boundaries to be negligible (quiescent air), which reduces the right
side of (6.5) to the first term:
F
L
= ρ
∫
right
u2 dy. (6.9)
Similar approaches are reported by Greenblatt et al. [91] (’time-
mean jet momentum’), Little et al. [144] (’time-mean momentum
addition’) or Mestiri et al. [151] (’tangential force’), where the inte-
gration domain of the latter only takes the half width of the jet into
account6. It is important to mention at this point that Hoskinson et
6In particular, Mestiri et al. [151] perform the integration of (6.9) only between the
wall y = 0 and the maximum jet velocity y = y(umax), but they do not provide
further explanations for this reduction of their domain.
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al. [102, 103] in retrospect draw the conclusion from one additional
test that neglecting the inflow boundary is the coarsest simplification
of (6.5).
Case 4: Baughn et al. [17] conclude from boundary-layer experiments that
the velocity profile at the left boundary is almost unaffected by the
presence of the plasma-actuator force. Therefore, they only measure
the velocities at the right boundary and calculate the top boundary
based on the continuity equation. They furthermore demonstrate the
importance of the friction term by comparing the resulting boundary-
layer profile of experiments with and without plasma-actuator oper-
ation. Since the present work only considers quiescent air measure-
ments, the approach of Baughn et al. [17] is modified accordingly
without changing the original idea:
F
L
= ρ
∫
right
u2 dy + ρ
∫
top
uv dx+ µ
∫
wall
∆u
∆y
∣∣∣∣∣
1.IA
dx. (6.10)
A summary of the chosen methods and corresponding simplifications is
given in Table 6.2.
Table 6.2: List of implemented integral approaches based on (6.5) includ-
ing respective simplifications; X =ˆ taken into account, × =ˆ
neglected.
case FL = ρ
∫
right
u2 dy−ρ∫
left
u2 dy+ρ
∫
top
uv dx+
∫
wall
τwdx equation
1 X X X X (6.7)
2 X X X × (6.8)
3 X × × × (6.9)
4 X × X X (6.10)
The influence of the dimensions of the chosen control volume to the
results of each right-hand-side term of (6.5) is demonstrated in Figure 6.8
for the velocity distribution of the strongest wall jet (V = 12 kV). The sum
of all terms, which corresponds to the calculated force F/L, is also shown
in the diagram. The x-location of the right boundary (xmax) is varied
systematically starting at xmax = xmin = −1.5 mm up to the final position
xmax = 6.8 mm. For the initial position xmax = xmin the terms of the top
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and wall boundary are zero and the left and right boundaries only differ in
sign by definition.
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Figure 6.8: Contribution of each right-hand side term of (6.5) to the calcu-
lated force F/L as a function of the chordwise control-volume
size, i.e. chosen xmax; xmin = −1.5 mm = constant, operating
voltage V = 12 kV.
The individual contributions of the different terms of (6.5) can easily be
quantified by the right ordinate in Figure 6.8. As expected, the major part
of the force is generated by the wall jet, which leaves the CV across the right
boundary. The second dominant influence on the calculated force obviously
is the effect of wall friction. The top and left boundaries have only minor
influence on the results. Furthermore, the almost constant values of the
force at both ends of the corresponding curve confirm that the chosen final
CV size contains the entire plasma-actuator force.
6.3.2 Differential Methods
Insight into the spatial distribution of the induced body force requires dif-
ferential force estimation methods, which are based either on the Navier-
Stokes equations (Case 5)
fx − ∂p
∂x
= ρ
(
u
∂u
∂x
+ v
∂u
∂y
)
− η
(
∂2u
∂x2
+
∂2u
∂y2
)
, (6.11a)
fy − ∂p
∂y
= ρ
(
u
∂v
∂x
+ v
∂v
∂y
)
− η
(
∂2v
∂x2
+
∂2v
∂y2
)
(6.11b)
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or on the vorticity equation (Case 6)
1
ρ
(
∂fx
∂y
− ∂fy
∂x
)
= u
∂ω
∂x
+ v
∂ω
∂y
− η
ρ
(
∂2ω
∂x2
+
∂2ω
∂y2
)
. (6.12)
For the sake of clarity, the equations (6.11) and (6.12) are repeated here
based on (5.23) and (5.27), respectively, where the general indices i, j have
already been exchanged by x, y, following Einstein’s summation conven-
tion (see [11, 210]). The vorticity ωk of the two dimensional x, y-problem
contributes only in the third dimension z. Therefore, this remaining vor-
ticity component ωz is expressed without index throughout this chapter,
i.e. ωk
2D−−→ ωz := ω.
Case 5: Since the system (6.11) consists of only two equations for the
three unknowns force densities fx, fy and the pressure distribution
p, further assumptions have to be made. Wilke [234] assumed (and
retroactively verified) that the force term fi is of at least one order of
magnitude larger than the pressure gradients over the entire control
volume, i.e.
|fi| 
∣∣∣∣ ∂p∂xi
∣∣∣∣ . (6.13)
Consequently, the pressure gradients are neglected
∂p
∂xi
:= 0 (6.14)
and the two remaining unknowns fi of system (6.11) can be calculated
according to
fx(x, y) = ρ
(
u
∂u
∂x
+ v
∂u
∂y
)
− η
(
∂2u
∂x2
+
∂2u
∂y2
)
, (6.15a)
fy(x, y) = ρ
(
u
∂v
∂x
+ v
∂v
∂y
)
− η
(
∂2v
∂x2
+
∂2v
∂y2
)
. (6.15b)
Case 6: In order to deal with the problem of unknown pressure-gradients
∂p/∂xi Albrecht et al. [6] successfully demonstrated a vorticity-
equation based estimation of volume forces according to (6.12), where
the pressure gradients are eliminated. Since two unknowns fx and fy
still appear in (6.12), it is further assumed that the curl of the force
is strongly dominated by ∂fx/∂y, i.e.
∂fx
∂y
 ∂fy
∂x
. (6.16)
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Following (6.16) the chordwise gradient ∂fy/∂x is neglected,
∂fy
∂x
:= 0, (6.17)
and the force gradient ∂fx/∂y can be calculated according to
1
ρ
∂fx
∂y
= u
∂ω
∂x
+ v
∂ω
∂y
− η
ρ
(
∂2ω
∂x2
+
∂2ω
∂y2
)
. (6.18)
Subsequent numerical integration leads to
fx(x, y) = −ρ
0∫
∞
[
u
∂ω
∂x
+ v
∂ω
∂y
− η
ρ
(
∂2ω
∂x2
+
∂2ω
∂y2
)]
dy. (6.19)
The plasma-actuator force is unknown at the wall (y = 0) and as-
sumed to be zero at the top CV boundary. Since the cumulative
trapezoidal numerical integration as used for the calculations needs
an initial value, the integration limits are exchanged in (6.19) and the
sign is changed following Albrecht et al. [6].
Assumption (6.16) is examined carefully and in more detail in Section
6.5, based on the results of Case 5, from which both force components
fi are available.
6.4 Comparison of the Integral Forces (Cases
1-6)
6.4.1 Integration of Cases 5 and 6
In order to compare the differential approaches with the integral approaches
(Cases 1-4), the force distributions fx(x, y) of the differential Cases 5 and
6 are integrated over the entire control volume (CV) according to
F
L
=
∫∫
A
CV
fdA
CV
=
ymax∫
ymin
xmax∫
xmin
fx(x, y) dxdy. (6.20)
An extensive discussion of the spatial distribution of the force fi(x, y) will
follow in Section 6.5.
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6.4.2 Comparison of the Approaches
All calculated results of the actuator force F are plotted in Figure 6.9.
Note that the colored lines denote the PIV-based results, whereas the gray
shaded lines belong to explicitly measured thrust values by means of the
weight balance experiments (see Section 5.2). This combined representation
allows a direct comparison of implicitly and explicitly achieved results. The
discussion of the results follows the order of the legend entries in Figure
6.9.
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Figure 6.9: Plasma-actuator force F/L as a function of operating voltage
V ; implemented Cases 1-6 of the present study appear colored
(f=11 kHz), balance based data appear gray (∗explicit weight
balance based measurements, cp. Section 5.2).
Case 1 (–•–) includes all four boundaries for the calculation of the force.
Comparison with Case 2 (–N–, neglected wall boundary) clearly shows the
importance of the wall-shear stress τw for the result, since a 30% drop of the
calculated force is observed. This difference occurs due to the self-induced
drag as indicated in Figure 6.8 and explicitly reported by Enloe et al. [62].
87
6 Momentum Transfer to the Air II
Consequently, the estimated force is too weak when neglecting the friction
and Case 2 only results in the net thrust of the created wall jet. Case 3
(–H–) only takes the right boundary into account. Since the top and left
boundaries add negative values to the results, this case results in a larger
force compared to Case 2. In Case 4 (––) only the negative left boundary
is neglected from the balance, resulting in larger values when compared
with Case 1, which considers all terms.
The curves of the two differential Cases 5 (–I–) and 6 (–J–) are less
smooth in comparison to the integral approaches. In particular, the deter-
mined forces of the 11 kV-experiment show unexpectedly high values for
both differential approaches. The increased uncertainty apparently occurs,
because up to second (Case 5) and even third order (Case 6) derivatives of
PIV data are included in the calculation of the force distribution fi(x, y)
and a subsequent spatial integration according to (6.20) is implemented
to obtain the integral force. Nevertheless, at first glance, both differential
methods show good agreement with one another, which strengthens the
validity of the two different assumptions (6.13) and (6.16). A deeper in-
sight into these assumptions is provided in Section 6.5. As expected, both
differential Cases (5 and 6) fluctuate around the values of Case 1, since the
latter calculates the force F as an integral source term according to Figure
6.7(a).
Furthermore, Figure 6.9 includes the comparison with the weight bal-
ance based data as introduced in Section 5.2, which explicitly measures the
resulting thrust of the actuator forced wall jet according to (5.28b). There-
fore, it comes as no surprise that Case 2 matches these data best, since this
Case mimics the thrust measurements by neglecting the wall shear stress
term (cp. Table 6.2).
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6.5 Force-Distribution Analysis
This Section addresses the spatial force distributions fi(x, y) as determined
according to Cases 5 and 6 and the contribution of each term to the re-
spective result.
6.5.1 Case 5 (Navier-Stokes Equation)
Beginning with the Navier-Stokes equation based Case 5, the contours of
the force distributions fx(x, y) and fy(x, y) according to (6.15) are shown
in Figure 6.10 for the operating voltage of V = 12 kV, exemplarily. Fur-
thermore, a 10% isoline (max[fx]/10) is plotted to denote the momentum-
transfer domain. This threshold turned out to be a convenient indicator
for the boundary of the force domain, since on the one hand the force mag-
nitude is reduced by one order. On the other hand the signal-to-noise ratio
for this threshold still allows separation of the force from background noise.
The direct comparison of different orders of magnitude in the color cod-
ings of Figures 6.10(a) and 6.10(b) clearly shows that the momentum trans-
fer from the discharge to the surrounding air is predominated through the
x-component of the force fx(x, y). In accordance with detailed numeri-
cal simulations (see e.g. Boeuf et al. [26–28] or Unfer et al. [219, 220]),
the maximum values of the force density can be observed close to the up-
per electrode’s trailing edge (x = 0) slightly downstream in the range of
x = 1−2 mm. Farther downstream, at larger x values, the force decreases.
Note the layer of negative force values farther downstream directly above
the wall boundary, which at first glance appears unexpected. To clarify
this issue, the contributions of the convective and diffusive terms of (6.15a)
are presented separately in Figure 6.11(a,b) and 6.11(c,d), where the above
introduced 10% isoline is again included for orientation purposes.
Obviously, the major contribution to the calculated force fx(x, y) is pro-
duced by the convective terms ρuj(∂u/∂xj), as shown in Figures 6.11(a)
and 6.11(b). Due to the strong convective acceleration ∂u/∂x the convec-
tive term in x-direction constitutes the high force amplitudes in the left
part of the force domain. The wall normal term additionally augments the
the force domain further downstream. The diffusive terms η(∂2u/∂xj∂xj)
contribute only to a minor extent to the resulting force distribution. The
wall normal diffusive term, η(∂2u/∂y2), denotes the ridge of the wall jet,
where the negative changing rate of the slope of the wall-jet profile is max-
imal at maximal velocities. The term of chordwise diffusion η(∂2u/∂x2)
is negligible (order of ±10 N/m3). Obviously, at some extent downstream
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Figure 6.10: Force distributions fx(x, y) (a) and fy(x, y) (b) determined
according to Case 5 (6.15); the 10% isoline (max[fx]/10) indi-
cates the momentum transfer domain; note the different orders
of magnitude; V = 12 kV, f = 11 kHz.
the attenuated actuator force fx(x, y) is dominated by shear forces of the
wall jet’s boundary layer, thus leading to a deceleration of the flow within
that shear layer. Consequently, as the sign of ∂u/∂x changes from plus
to minus, the shear introduces negative values for the ’source term’, which
has been addressed in some recent publications.
Font et al. [74], for instance, conclude that ’a large part of the force im-
parted by the actuator on the air (70-90%) is almost immediately lost to the
drag of the air with the adjacent wall surface’. Enloe et al. [62] specify this
performance drop, as they introduce the term ’self-induced drag’ based on
the proportionality of the surface drag to the wall-normal velocity gradient
∂u/∂y (cp. (6.6)). Following these reports, the counteraction of the drag
scales with the imparted momentum to the air, since an increased wall-jet
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Figure 6.11: Contribution of the right-hand-side terms of (6.15a) to the re-
sulting x-component of the source term fx(x, y); (a,b) convec-
tive terms, (c,d) diffusive terms; color coding and 10% isoline
identical with Figure 6.10; V = 12 kV, f = 11 kHz.
velocity introduces an increased velocity gradient ∂u/∂y. However, this is-
sue clearly demonstrates the limitations of inverse approaches to calculate
the applied source term from the resulting velocity field, where a careful
distinction between cause and effect is only possible based on thorough
interpretation of the results.
Although ranging one order of magnitude below the x-component of the
source term fx(x, y), the y-component fy(x, y) (see Figure 6.10) is splitted
into its terms as shown in Figure 6.12. Note the changed resolution of the
color coding, where the upper and lower limits represent plus and minus
10% of the maximum x-forces as indicated in the diagrams with an isoline.
Similar to fx(x, y) the y-component of the force fy(x, y) is predominated
by the contribution of the convective terms ρuj(∂v/∂xj). Generally, the
suction towards the wall leads to negative values of v. Consequently, an
acceleration towards the wall leads to negative gradients ∂v/∂y. After mul-
tiplication with the negative velocity component v results in positive values
for ρv(∂v/∂y), which occupies the entire 10% domain in Figure 6.12(b).
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Figure 6.12: Contribution of the right-hand-side terms of (6.15b) to the re-
sulting x-component of the source term fy(x, y); (a,b) convec-
tive terms, (c,d) diffusive terms; color coding and 10% isoline
identical with Figure 6.10; V = 12 kV, f = 11 kHz.
The sign change of the chordwise convective term in Figure 6.12(a) above
the upper electrodes trailing edge (x = 0) indicates the maximal (chord-
wise) suction strength towards the wall, i.e. ∂v/∂x ≈ 0. The contributions
of the diffuse terms η(∂2v/∂xj∂xj) to the force distribution fy(x, y) are
one more order of magnitude smaller than the convective terms, lying two
orders of magnitude below fx(x, y).
92
6.5 Force-Distribution Analysis
6.5.2 Case 6 (Vorticity Equation)
6.5.2.1 Evaluation of Assumption (6.16)
To provide an assessment basis for the validity of assumption (6.16) of Case
6, i.e.
∂fx
∂y
 ∂fy
∂x
, (identical with (6.16)) (6.21)
both terms are determined from the force distributions fi(x, y) of Case
5. The resulting force gradients ∂fx/∂y and ∂fy/∂x are shown in Figures
6.13(a) and 6.13(b), respectively. Following the depiction of Figure 6.10
the color coding of the two components varies by one order of magnitude,
which already supports assumption (6.21).
 
 
00
0
1
1
2
2−1
3
3 4
5
5 6
10
15
20
25
x [mm]
y
[m
m
] 10% isoline
×106
∣ ∣ ∣∂f x ∂y
∣ ∣ ∣[
N
/
m
4
]
(a) ∂fx/∂y
 
 
00
0
1
1
2
2−1
3
3 4
5
5 6
10
15
20
25
x [mm]
y
[m
m
] 10% isoline
×105
∣ ∣ ∣∂f y ∂x
∣ ∣ ∣[
N
/
m
4
]
(b) ∂fy/∂x
Figure 6.13: Spatial distribution of the force gradients calculated from the
results of Case 5; the 10% isoline (max[fx]/10) indicates the
momentum transfer domain; note the different orders of mag-
nitude; V = 12 kV, f = 11 kHz.
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This is elucidated in a more quantitative manner in Figure 6.14, where
the ratio of the absolute values ofboth gradients are shown according to
∣∣∣∂fy
∂x
∣∣∣ / ∣∣∣∂fx
∂y
∣∣∣. (6.22)
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Figure 6.14: Ratio of the force gradients ∂fy/∂x and ∂fx/∂y; the 10% iso-
line (max[fx]/10) indicates the momentum transfer domain;
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The logarithmic color coding of Figure 6.14 visualizes the order of magni-
tude of the ratio (6.22). Above the upper electrode in the range of negative
x values, numerator and denominator of (6.22) are of the same order of
magnitude, entailing that assumption (6.21) is invalid in this region. A
comparison with Figure 6.13 leads to the conclusion that this region is
mainly constituted by the ratio of small values. Moreover, the 10% isoline
used in the previous Figures is included in the diagram and demarcates
the relevant domain for the validity of assumption (6.21). Apparently, the
main part of the invalid region is excluded from the force domain, which
confirms the validity of assumption (6.21) with sufficient (spatial) accuracy.
6.5.2.2 Force Distribution (Case 6)
For the vorticity equation based Case 6, the contour of the force distribution
fx(x, y) according to (6.19) is shown in Figure 6.15 for the operating voltage
of V = 12 kV, similar to Figure 6.10(a). Again, a 10% isoline of the
force (max[fx]/10) indicates the relevant force domain. From a preliminary
qualitative comparison of Figures 6.15 and 6.10(a) it can be seen that the
maximum values, the gross distribution and the overall size of the produced
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force are comparable, although differing slightly with respect to the space
and force intensity.
 
 
0
0
0
1
1
2
2
2−1
−2
3
3
4
4 5
6
6
8 × 103
x [mm]
y
[m
m
] 10% isoline
f x
(x
,y
)
[N
/
m
3
]
Figure 6.15: Force distribution fx(x, y) determined according to Case 6
(6.19); the 10% isoline (max[fx]/10) indicates the momentum
transfer domain; V = 12 kV, f = 11 kHz.
The resulting distribution is further differentiated by directly compar-
ing the distribution of each underlying term as used for the determina-
tion. Therefore, the contribution of the right-hand-side terms of (6.19)
to the resulting source term fx(x, y) are shown in Figure 6.16. The con-
vective (a,b) and diffusive (c,d) terms of the vorticity equation are inte-
grated separately for the diagrams to allow best possible comparison with
Figure 6.11. All four diagrams of Figure 6.16 reveal identical character-
istics similar to Figure 6.11. The contributions of the convective terms
predominate those of the diffusive terms. Especially the x-component of
the convection, ρ u (∂ω/∂x), shows identical patterns of acceleration and
deceleration above the dielectric surface.
In conclusion, the main characteristics of the expected source term dis-
tribution fx(x, y) are determined with both differential approaches, thus
being available for numerical simulations of DBD-based flow control ap-
plications. Furthermore, Case 5 on the one hand additionally provides
information of the wall-normal momentum transfer fy(x, y), which is lost
by definition in Case 6. On the other hand the influences of the unknown
pressure gradients ∂p/∂xi remain to be clarified in Case 5. Wilke [234]
retroactively verified the validity of assumption (6.14) with a numerical
simulation of his results in a quiescent air environment.
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Figure 6.16: Contribution of the right-hand-side terms of (6.19) to the re-
sulting source term fx(x, y); (a,b) convective terms, (c,d) diffu-
sive terms; color coding and 10% isoline identical with Figure
6.15; V = 12 kV, f = 11 kHz.
6.5.3 Correlation of Force Domain and Plasma Length
In Sections 6.5.1 - 6.5.2 the 10% isolines of the determined force distribu-
tions have already been introduced to demarcate the momentum transfer
domain within the recorded velocity distributions. The spatial (chordwise)
extent of this domain is furthermore a valuable measure in terms of a char-
acteristic momentum transfer length scale, which can easily be extracted
from the characteristic domains.
For all measured operating voltages V the 10% isolines are summarized
in Figure 6.17. The chordwise extent of the momentum transfer domain can
be compared with the chordwise plasma length ∆x, described in Chapter
4. It is therefore denoted ∆xF , as sketched in Figure 6.17(a) for the 12 kV
experiment, where the index F is added to assure the distinction of force-
determination based and light-emission based (no index) derivation of the
similar quantity.
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Figure 6.17: 10% isolines of the force distribution fx(x, y) for all operating
voltages V (f=11 kHz); (a) Case 5, (b) Case 6.
Obviously, the size of the volume force domain grows with increasing
operating voltage V , whereas the location of the experiments’ maximum
force intensity (marked with crosses of the respective color) varies only
slightly. In accordance with the results of Section 6.4, the isoline of the
11 kV experiment shows an unexpectedly large domain. The values of
∆xF are shown in Figure 6.18 as a function of the operating voltage. The
resulting plasma length ∆x of the discharge luminosity obtained by gray-
value analysis (Chapter 4) is also included in the diagram (cp. Figure
4.4(a)). The aforementioned sensitivity of the PIV-based calculations is
clearly recognizable. In particular, it can be concluded from the spatial
extent of the isolines that the vorticity equation based approach (Case 6)
is less favorable than the application of the Navier-Stokes equation (Case
5). The latter uses up to second derivatives of PIV data, whereas the former
uses up to third derivatives and subsequent numerical integration.
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Figure 6.18: Plasma length ∆x as function of operating voltage V ; dark
markers: estimated momentum transfer length ∆xF based
on the 10% isolines of Figure 6.17; white markers: Measured
plasma length ∆x based on light emission analysis (∗: cp. Fig-
ure 4.4(a)).
Nevertheless, the similar characteristics of the plasma length ∆x and the
length of the momentum transfer domain ∆xF can be clearly identified
from Figure 6.18, which extends the results of Enloe et al. [68, 69]. It
can therefore be drawn as an inverse conclusion that the plasma length ∆x
indeed serves as a measure for the penetration length of the momentum
transfer.
This is an important insight, since only one experiment is required to
gather spatial information about the momentum transfer domain - either
from PIV experiments or even easier via light intensity analysis - from
which the required length scale can be extracted. Based on the known
plasma length-discharge capacitance correlation, as demonstrated in Figure
4.5, the extracted length scale can be subsequently utilized to transform
a force-capacitance interrelation (F − Ceff), for instance simply recorded
with oscilloscope and weight balance as demonstrated in Chapter 5, into a
force-penetration length interrelation (F −∆xF ).
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6.6 Evaluation of Fluid Mechanic Efficiency and
Effectiveness
To evaluate the above introduced Cases 1-6 in terms of fluid mechanic effi-
ciency and effectiveness according to (2.8a) and (2.8b) respectively, further
processing of the determined forces is required.
Multiplication of Cauchy’s first law of motion (5.15) with a characteristic
velocity gives the mechanical energy equation, which in combination with
the first law of thermodynamics defines the conservation equation of energy
[210]. In the present context, therefore, all implemented force-estimation
approaches have to be multiplied with the local velocity scale. The force
distributions fi(x, y) can be directly processed to obtain the fluid mechanic
power
P
FM
L
=
∫∫
A
CV
fiuidACV =
ymax∫
ymin
xmax∫
xmin
fi(x, y)ui(x, y) dxdy (6.23)
for the Cases 5 and 6, similar to the force distribution integration (6.20), as
recently suggested by Giepman and Kotsonis [88]. The integral approaches
have to be recalculated based on (6.5) multiplied with the (local) velocities
according to
P
FM
L
= ρ
∫
right
u3 dy − ρ
∫
left
u3 dy + ρ
∫
top
u2v dx. (6.24)
The wall-stress integral has already been excluded from (6.24), since the
term τwu vanishes due to the no-slip condition and the corresponding mul-
tiplication with zero. Consequently, regarding the integral approaches, only
Cases 2 and 3 are taken into account for the following discussion. Case 3
only considers the first right-hand-side term of (6.24), which directly corre-
sponds to the reported power-estimation approaches of Jolibois and Moreau
[110], Léger et al. [135] and Pons et al. [175].
The fluid mechanic power P
FM
, as calculated according to (6.23) and
(6.24), is shown in Figure 6.19 as a function of operating voltage V and
power consumption PA. The integral and differential approaches are indi-
cated by triangles and squares, respectively. Similar to the force determi-
nation (see Figure 6.9), the results obtained from the 11 kV experiment,
post-processed according to the differential approaches, show unexpectedly
high values. Therefore, dashed lines are added into all diagrams of this
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Figure 6.19: Fluid mechanic power P
FM
of the plasma-actuator as a func-
tion of operating voltage V (a) and power consumption PA (b)
for the parameter range of the PIV experiments.
section, which directly connect the results of the 10 kV and the 12 kV ex-
periments of the differential cases; hence indicating the expected slopes of
the respective diagrams.
The slope of the P
FM
− V diagram of Figure 6.19(a) shows very good
agreement with the PA − V diagram of Figure 6.3(a). Additionally, power
data P
FM
and PA are plotted against one another in Figure 6.19(b). At
first glance the P
FM
−PA diagram shows a constant slope, which would cor-
respond to a constant fluid mechanic efficiency η
FM
according to (2.8a). As
demonstrated in Figure 6.20, this in fact is not the case when the P
FM
− PA
curve has a horizontal offset.
It can clearly be recognized that the fluid mechanic efficiency η
FM
in-
creases with increasing operating voltage V and corresponding power con-
sumption PA, even though with decreasing slopes. Especially Figure 6.20(b)
shows a significantly decreasing slope of the efficiency towards a maximum
in the range of η
FM
≈ 0.1% above a consumed power of PA ≈ 100 W/m.
This result is in very good agreement with the reports of Jolibois and
Moreau [110] for similar actuator setup, where the maximum efficiency
(< 0.1%) for sine-wave actuation is achieved at PA ≈ 100 W/m and a
slight efficiency reduction is identified for PA > 100 W/m.
The fluid mechanic effectiveness η∗
FM
according to (2.8b) is shown in
Figure 6.21 as a function of operating voltage V and power consumption
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Figure 6.20: Fluid mechanic efficiency η
FM
of the plasma-actuator as a func-
tion of operating voltage V (a) and power consumption PA (b)
for the parameter range of the PIV experiments.
PA, following the results of the weight-balance based thrust measurements
(see Section 5.2), where no velocity information was measured.
In accordance with the results shown in Figure 5.5 the effectiveness in-
creases strongly for low power consumption PA ≤ 45 W/m. At higher op-
erating levels (PA ≥ 45 W/m) the calculated effectiveness remains almost
constant. Calculated from identical raw data, Figures 6.20 and 6.21 further-
more allow a direct and quantitative comparison of the two performance-
characterization methods, i.e. explicit thrust measurements and implicit
determination of thrust and fluid mechanic power from experimentally ob-
tained velocity information. Obviously, the optimal operating conditions
in terms of optimal efficiency and optimal effectiveness might differ signif-
icantly. This is an essential insight for any plasma-actuator performance-
optimization effort, since it sheds light on the issue of limited comparability
among the researcher groups, as recently emphasized by Little et al. [144].
Note the changed order of curves: In Figures 6.19 and 6.20 the integral
approaches (triangles) show higher values as compared to the differential
ones (squares), whereas the differential cases show the higher values in
Figure 6.21. This effect is clarified in Figure 6.22, in which the results of
efficiency and effectiveness are plotted against one another. From both in-
tegral Cases 2 and 3 higher efficiency η
FM
is calculated per effectiveness η∗
FM
than from the differential Cases 5 and 6 (see Figure 6.22(a)). The underly-
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Figure 6.21: Fluid mechanic effectiveness η∗
FM
of the plasma-actuator as a
function of operating voltage V (a) and power consumption
PA (b) for the parameter range of the PIV experiments.
ing numerators F and PA for the calculation of η
∗
FM
and η
FM
are opposed in
Figure 6.22(b). Obviously, from identical velocity data, the differential ap-
proaches determine less fluid mechanic power per determined thrust than
the integral approaches do, what is apparently due to the missing shear
layer in (6.24).
Finally, the concluding remark can be be derived from the above com-
parative discussion of coefficients, that an identification of the optimal op-
erating point in terms of energy optimization is insufficient without clear
explanations concerning the chosen quantification strategy. The example
given above clearly demonstrates contradictory optimization strategies at
medium power levels (say PA ≈ 70 W/m). Obviously, the fluid mechanic
effectiveness η∗
FM
as an evaluation basis leads to conflicting optimization
efforts (reduction of the power level) as compared to an optimization based
on the fluid mechanic efficiency η
FM
. The latter coefficient in this example
suggests an increase of the power level. Furthermore, a robust quantifica-
tion necessarily requires a clear statement concerning the chosen determi-
nation strategy of either coefficient, i.e. based on integral or differential
approaches. Therefore, it is strongly recommended to include a transpar-
ent disclosure of the underlying implemented (post-)processing procedure
in publications addressing plasma-actuator optimization, insuring best pos-
sible comparability of the reports from different plasma-actuator research
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7 Influence of the Airflow Conditions
Generally speaking, the airflow in context with dielectric barrier discharges
is a well-established quantity. Many industrial applications of dielectric
barrier discharge (ozone generation, surface treatment or pollution con-
trol) are configured such that a gas flows through the discharge domain, as
comprehensively reported by Kogelschatz [115]. The observed processes are
commonly characterized by the airflow rate through the precipitation or de-
pollution reactors in combination with electrical and/or chemical quantities
(see e.g. Mizuno [152, 153]). Dramane et al. [53], for instance, report a sig-
nificant influence of the flow rate through axial and planar reactors on the
transferred charge Q and the corresponding power consumption PA. Fur-
thermore, Jolibois et al. [111] present chemical measurements of discharge
assisted species generation based on a so-called energy density, defined as
the ratio of consumed power and the flow rate through the reactor.
Despite this broad experience with airflow-discharge interaction, reports
about discharge based aerodynamic flow control commonly still neglect this
interaction (cp. Section 2.2.2). The discharge intensity; hence the DBD
plasma-actuator performance, is affected by numerous parameters. On the
one hand, the impact of ambient conditions on the flow induced by plasma
actuators has been documented extensively in many recent publications. It
has been demonstrated that humidity [9, 21, 163], temperature [163, 225],
ambient pressure [2, 19, 92, 213, 225, 236] and gas-species [2, 60, 76, 213],
have either adverse or favorable effects on the plasma actuator’s discharge
intensity. On the other hand, it is commonly assumed in the flow-control
community that the actuator discharge manipulates the flow but not vice-
versa.
To date, only few studies have investigated the aerodynamic influence
of the airflow velocity on the actuator performance. Labergue et al. [132,
133] report a strong variation of the discharge with changing free-stream
velocities U∞ ≤ 35 m/s. The adverse effect of high-speed airflow (Mach
number M ≤ 1.1) on DBD patterns has been reported by Pavon et al.
[172, 173]. Enloe et al. [62] recommend that the interaction of the neutral
fluid with the actuator has to be taken into account, since the momentum
of both quantities range in the same order of magnitude.
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In this Chapter the influence of the airflow on the plasma actuator perfor-
mance is characterized and quantified. Experiments were performed with
velocities ranging from quiescent air (U∞ = 0) up to cruise flight condi-
tions (M ≈ 0.85). The low and moderate velocities are relevant for take-off
and approach scenarios of many aerodynamic lifting surfaces [174] and are
essential for the control of unmanned aerial vehicles or internal flows. In
Section 7.1 the implemented experimental procedure and parameter space
is introduced, including a brief introduction of the different chosen wind
tunnels. The results of various airflow impact experiments are discussed in
Section 7.2. As a second degree of freedom the influence of pressure is si-
multaneously investigated alongside the free-stream velocity in Section 7.3.
Finally, a novel online monitoring and controlling strategy is introduced
in Section 7.4, demonstrating the possibility to counteract transient and
fluctuating changes of the airflow conditions.
7.1 Experimental Procedure
7.1.1 Setup and Wind Tunnel Facilities
To investigate the airflow influence on the plasma-actuator performance,
plasma actuators were operated in various wind tunnel experiments. The
actuator performance was determined by means of simultaneous electrical
and optical measurement as explained in Sections 3.1 and 4.1, where differ-
ent cameras were used according to their availability. For all experiments
a Nikon lens (Nikon 105 mm, AF Micro NIKKOR f/2.8D) was mounted
on the cameras and the cameras were mounted outside the wind tunnels.
To investigate the desired parameter range of free-stream velocities U∞,
Mach numbers M and static pressures p, three different wind tunnels were
utilized for the experimentation:
NWK2 at TU Darmstadt Low-speed experiments (Exp1 - Exp4) were con-
ducted in the Eiffel-type wind tunnel facility (NWK2) at the Technis-
che Universität Darmstadt. This wind tunnel features a test section
of 450 mm × 450 mm and is capable of producing flow speeds up to
68 m/s. Figure 7.1 gives a schematic overview of the setup.
The plasma actuator was placed on a flat plate with elliptical leading
edge, which was mounted in the center of the tunnel. Using this tech-
nique the influence of the tunnel walls was eliminated and a defined
boundary-layer thickness could be set according to the downstream
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position of the plasma actuator. For this study the actuator was
placed 400 mm downstream of the leading edge to simulate conditions
as encountered during active wave cancelation (AWC) experiments of
Grundmann and Tropea [96, 98]. The luminosity measurements were
airflow
CAM
Figure 7.1: Test section of the NWK2 wind tunnel; the plasma ac-
tuator is mounted on a flat plate inside the test section.
carried out using a CCD camera (PCO SensiCam, 1376 × 1040 pix-
els, 12 bit, 1 fps) recording the actuator’s light emission through an
optical access in the ceiling of the tunnel.
TVM at TU Darmstadt High-speed experiments (Exp5 - Exp7) were con-
ducted in the blowdown wind tunnel (TVM) of the Technische Uni-
versität Darmstadt. This wind tunnel is designed to operate at Mach
numbers in the range of 0.4 < M < 4. The dimensions of the test
section are 150× 150 mm2.
In order to obtain a top-view of the plasma, the plasma actuator was
mounted on the opposing window of the test section, as shown in Fig-
ure 7.2. Two different CMOS cameras were used for the experiments
in the TVM. For experiment 5 a Vosskühler camera (Vosskühler1000,
1024 × 1024 pixels, 8 bit, 5 fps), for experiments 6 and 7 a Phantom
camera (Phantom V12.1, 512×512 pixels, 12 bit, 24 fps) was used
to record the spatio-temporal light emission of the discharge during
the power consumption analysis of the operating actuator. Further-
more, the dielectric thickness of the actuator for experiment 5 was
set to d = 0.8 mm, in order to match the dimensions chosen for the
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airflow
CAM
Figure 7.2: Test section of the TVM wind tunnel; the plasma actuator
is mounted on the opposite window of the test section.
separation control experiments of Barckmann et al. [15].
HoWK at TU Dresden Low and moderate speed experiments at different
pressure levels (Exp8, Exp9) were conducted in the Göttinger-type
vacuum wind tunnel facility (HoWK) at the Technische Universität
Dresden. The main purpose of the HoWK is the realization of density
dependent calibration of hot-wire probes, as reported by Frey [82].
The nozzle of the open test section (diameter dN = 100 mm) enters
a vacuum chamber, where operating velocities up to U∞ = 100 m/s
can be achieved. This chamber can be evacuated down to re-entry
conditions [82].
To eliminate the influence of the forming boundary layer, the actuator
was mounted at the very tip of an acrylic plate with sharp leading
edge as shown in Figure 7.3. The light emission experiments were
conducted by means of a Photron camera (Photron FASTCAM MC2,
512 × 512 pixels, 8 bit, 50 fps). Additionally, for each parameter
setting unscaled snapshots were taken by a Canon Camcorder (Legria
HF200, HD, 1920 × 1080 pixels) to obtain qualitative color pictures
of the plasma domain.
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a
irflow
CAM
Figure 7.3: Test section of the HoWK wind tunnel; the plasma actu-
ator is mounted at the very tip of a flat plate inside the
test section.
7.1.2 Parameter Space
First, the purpose of all conducted wind-tunnel experiments are briefly in-
troduced here to provide an overview of the parameter space. The complete
list of conducted experiments is summarized in Table 7.2 on page 114 at
the end of this Section.
For the first experiments (Exp1, Exp2) in the NWK2 the flow speed
was increased up to 55 m/s by increments of 10 m/s (respectively 5 m/s),
while operating voltage and frequency were held constant. Two different
power levels were investigated. In good agreement with the reports of
Labergue et al. [132, 133] a clear detrimental impact of the flow speed on
the actuator’s performance is visible. Based on this result, the influence of
the performance drop to the scaling number ΘA, as introduced in Chapter
3, had to be identified in an additional set of experiments in the NWK2.
Therefore, a comparative study was carried out in quiescent air (Exp3)
and at a constant flow speed of 50 m/s (Exp4), during which the electrical
parameters of the actuator (operating voltage, operating frequency) have
been varied systematically.
The airflow influence at higher Mach numbers has been investigated in
the wind tunnel TVM. In a first experiment (Exp5) the blowdown tunnel
was operated such that M = 0.42 at a constant static pressure p = 1 bar
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was assured. This particular parameter setting was chosen to match the
parameters of separation control experiments of Barckmann et al. [15].
In a second set of experiments (Exp6, Exp7) the wind tunnel was oper-
ated at constant valve position, thus generating a blowdown from initially
M = 0.85 down to quiescent air at changing pressure levels (p = 0.9 − 1.4
bar). The airflow influence on the plasma-actuator performance was char-
acterized with a novel online diagnosis approach. This diagnosis tool op-
erates either in an online monitoring mode (Exp6) or in an online control-
ling mode (Exp7), where the latter automatically counteracts performance
changes in-situ.
A systematic study of the combined airflow influence and pressure effects
on the plasma-actuator performance was carried out by a set of experi-
ments (Exp8, Exp9), which were conducted in the vacuum tunnel HoWK
at Technische Universität Dresden. Similar to the NWK2 experiments the
flow speed was increased up to 100 m/s for Exp8 (Exp9) by increments of
20 m/s (respectively 50 m/s), while operating voltage and frequency were
held constant. This procedure was repeated, where the initial pressure level
inside the wind tunnel of p = 1 bar was reduced by increments of 0.1 bar
(respectively 0.05 and 0.2 bar) down to the final pressure level of p = 0.1
bar.
7.1.3 (Post-) Processing Strategy
Figure 7.4 shows the electrical results of Exp5 under quiescent-air condi-
tions and at a Mach number of M = 0.42. At first glance, the Lissajous
figure shrinks in the vertical direction but remains constant in the horizon-
tal direction at high-speed conditions, as shown in Figure 7.4(a). Within
the measurement accuracy the operating voltage V (abscissa) remains unaf-
fected by variation of the airflow conditions, whereas the amount of trans-
formed charge Q = CpVp was reduced significantly. Consequently, the
enclosed area of the cyclogram is smaller at high-speed conditions, which
leads to a reduced power consumption PA according to (3.5). Further-
more, the parallelism of the flatter capacitance tangents to the cyclograms
demonstrates the independence of the cold capacitance C0 from any flow
conditions. This result is not surprising, since C0 is the pure passive com-
ponent of the plasma actuator functioning as a passive load in an electrical
circuit (cp. Section 3.4).
In contrast, the effective discharge capacitance Ceff is reduced with power
consumption, as qualitatively indicated by the weaker Ceff-slopes in Figure
7.4(a). The histogram based analysis of the capacitance time traces C(t)
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for M = 0 and M = 0.42 are shown in Figure 7.4(b). Clearly visible,
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Figure 7.4: Lissajous-figures and characteristic discharge quantities under
quiescent air conditions and atM = 0.42 (Exp5) characterizing
the airflow influence on the electrical discharge performance.
the effective discharge capacitance is reduced by 30%, whereas C0 remains
constant.
The Mach-number time trace M(t) of Exp5 and the resulting gray value
distribution of the luminosity analysis are shown in Figure 7.5, where the
gray values G(x, t) are plotted as a function of chord and time G(x, t). The
distance between the two magenta lines emphasize the strongly reduced
plasma length ∆x for the duration of the wind-tunnel operation. More-
over, the maximum gray value Gpeak diminishes, which according to (4.4)
weakens the peak luminosity Ĝ for high flow velocities.
To characterize the airflow influence on the different experiments by a
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Figure 7.5: Spatio-temporal gray value distribution G(x, t) of the plasma
luminosity (Exp5); the wind tunnel is turned on at t ≈ 16 s, the
high-speed condition ofM = 0.42 is fully developed at t ≈ 20 s,
at t ≈ 60 s the wind tunnel is turned off.
key number, the relative performance
Πφ =
φ(M)
φ
∣∣
M=0
(7.1)
and the relative performance drop
Ψφ = 1−Πφ = 1− φ(M)
φ
∣∣
M=0
(7.2)
are defined. In definitions (7.1) and (7.2) φ appears as a general vari-
able, which has to be exchanged by the respective quantities, i.e operat-
ing voltage V , power consumption PA, characteristic capacitances C0 and
Ceff, plasma length ∆x, or peak luminosity Ĝ. Both numbers Πφ and Ψφ
quantify performance changes due to airflow influence normalized with the
quiescent-air reference value φ
∣∣
M=0
.
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Table 7.1: Performance specific quantities under quiescent air conditions
M = 0 and at M = 0.42 (Exp5).
M V [kV] PA[W] C0[pF] Ceff[pF] ∆x[mm] Ĝ
0 13.4 18.2 9.4 61.2 5.1 3.1
0.42 12.9 12.9 9.6 39.8 3.4 2.0
Πφ [%] 96.3 70.9 102.1 65.0 66.7 64.5
Ψφ [%] 3.7 29.1 -2.1 35.0 33.3 35.5
From the example results of Exp5, as listed in Table 7.1, it can be con-
cluded that the changes of operating voltage and cold capacitance are neg-
ligible, since the deviations of ΨV and ΨC0 lie within the measurement
accuracy. Much more salient is the performance drop of the discharge spe-
cific quantities, which exceeds 30% reduction of the electrical (ΨPA ,ΨCeff)
and optical (Ψ
Ĝ
,Ψ∆x) quantities.
113
7
In
fl
u
en
ce
o
f
th
e
A
ir
fl
ow
C
o
n
d
it
io
n
s
Table 7.2: List of conducted experiments: Chosen wind tunnel, operating conditions of actuator setup, preset
airflow conditions, geometric actuator dimensions.
wind Exp.- operating frequency free-stream Mach pressure actuator electrode dielectric
tunnel Nr. voltage velocity number length width [mm] thickness
V [kV] f [kHz] U∞ [m/s] M p [bar] L [mm] w1 w2 d [mm]
NWK2
Exp.1 8 14 0 - 55 0 - 0.16 1 0.4 2.5 10 0.4
Exp.2 12 10 0 - 55 0 - 0.16 1 0.4 2.5 10 0.4
Exp.3 9.8 - 12.7 8.2 - 13.4 0 0 1 0.4 2.5 10 0.4
Exp.4 9.8 - 12.7 8.2 - 13.4 50 0.145 1 0.4 2.5 10 0.4
TVM
Exp.5∗ 13 8 0 - 0.42 1 0.11 2.5 10 0.8
Exp.6 10 12 0 - 0.84 0.9 - 1.4 0.11 2.5 10 0.4
Exp.7 10 12 0 - 0.84 0.9 - 1.4 0.11 2.5 10 0.4
HoWK
Exp.8 8.3 9 0 - 100 0 - 0.29 0.1 - 1.0 0.07 2.5 60 0.4
Exp.9 8.3 9 0 - 100 0 - 0.29 0.1 - 1.0 0.07 2.5 60 0.4
∗A preliminary version of the results of this experiment has been published alongside the separation control experiments
of Barckmann et al. [15]. A more extensive discussion has been presented by Kriegseis et al. [125].
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7.2 Impact of Airflow Velocity
7.2.1 Power-Consumption - Velocity Relation
For Exp1 and Exp2 the dependence of the resulting power consumption
PA on different Mach numbers M is shown in Figure 7.6. Even though the
power level of Exp2 (Figure 7.6(b)) is roughly four times the power level
of Exp1 (Figure 7.6(a)), the performance decreases for both experiments
with increasing free-stream velocities.
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Figure 7.6: Power consumption of the plasma actuator as function of airflow
speed; (a) Exp1, (b) Exp2.
A detailed comparison of the actuator performance under quiescent air
conditions and at a free-stream velocity of U∞ = 50m/s is given by the
combined analysis of Exp3 and Exp4 as shown in Figure 7.7. Both exper-
iments show the expected power-law behavior PA ∝ V 72 and PA ∝ f 32 ,
which has been discussed in Section 3.2.2.
Furthermore, a performance drop is identified for the entire measured
parameter range of Exp4 ( - - - ) when compared with Exp3 ( —– ). At
first glance, this proportional offset suggests that the decreasing plasma-
actuator performance for increasing airflow speeds is independent of the
chosen electrical operating parameters, i.e. plasma frequency f or operat-
ing voltage V . It will be demonstrated below that this independence is a
simplification for advanced performance drop quantification.
However, in order to characterize this proportional offset, the scaling
number ΘA according to (3.8b) was calculated for Exp3 and Exp4. The re-
sults are shown in Figure 7.8, following the representation in Figure 3.8(b).
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Figure 7.7: Power consumption PA as a function of operating voltage V (a)
and frequency f(b); Exp3: U∞ = 0 solid lines ( —– ); Exp4:
U∞ = 50 m/s dashed lines ( - - - ).
Based on the Gaussian fits to the ΘA histograms, a quantification of the
offset is possible according to
ΠΘA =
ΘA
∣∣
U∞=50m/s
ΘA
∣∣
U∞=0m/s
=
5.13× 10−4
5.46× 10−4 = 0.939. (7.3)
The result of (7.3) demonstrates that the average plasma-actuator perfor-
mance is already reduced by ΨΘA = 6% for the Mach number M = 0.15.
Note that the relative performance and its drop are identical for ΘA and
PA according to definition (3.8b), i.e.
ΠΘA = ΠPA and (7.4a)
ΨΘA = ΨPA . (7.4b)
To a first approximation the performance drop estimation based on ΨΘA
is a convenient measure to estimate the airflow influence on the discharge
in relation to the quiescent air performance of the plasma actuator. In
the next section further influence of the chosen operating voltage V on the
performance drop Ψ will be demonstrated.
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Figure 7.8: Scaling number ΘA for free-stream velocities U∞ = 0 ( Exp3)
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7.2.2 Scaling Number Derivation
To gain a deeper insight into the airflow influence and the corresponding
drop of quantities, the results of the relative performance ΠPA are shown
in Figure 7.9(a) for Exp1 and Exp2. Despite the stronger absolute power
drop of Exp2 in comparison to Exp1 (cp. Figure 7.6), the decrease of
the relative performance ΠPA is obviously weaker for the higher applied
voltages (Exp1: V = 8 kV, Exp2: V = 12 kV). The resulting curve of Exp1
demonstrates that a plasma-actuator performance drop of ΨPA ≈ 10% can
occur for Mach numbers M < 0.2. This result becomes important, when
thinking about plasma assisted stall control of UAVs, for instance, since
the plasma-actuator control authority will be significantly affected by such
a performance drop.
Additionally, the relative performance of Exp4 for operating voltages
ranging from 9.8− 12.7 kV are included in the diagram, where the crosses
represent the voltage-wise average of the results. The performance ΠPA
obviously depends on the operating voltage at a given Mach number M =
0.145. The experiments with higher operating voltages show a stronger
resistance against airflow influences as indicated by the arrow in the dia-
gram. This insight indicates limitations of the validity of the velocity U∞
and corresponding Mach number M as the underlying quantities on the
abscissa of performance diagrams, as introduced in Figure 7.9(a).
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Figure 7.9: Airflow influence on the relative plasma-actuator performance
ΠPA and corresponding drop ΨPA (Exp1, Exp2, Exp4); (a) as a
function of free-stream velocity U∞ and Mach number M ; (b)
as function of the scaling number K = U∞/vd.
The Mach number, defined as
M =
U∞
a∞
, (7.5)
compares the ratio of two characteristic external airflow quantities, i.e. the
free-stream velocity U∞ and the sonic speed a∞.
Because of the obvious occurrence of an operating voltage dependent
performance drop, it would be favorable, if M could be replaced by a
modified reference number, which compensates this dependency. If this
alternative reference number is denoted by K, it would be desirable to
obtain constant values of ΠPA(K) and ΨPA(K) for identical K-data but
differing operating voltages V .
This can be achieved by a reference number definition, where the numer-
ator remains U∞ as in the definition ofM , but the denominator is replaced
by the drift velocity vd = µE, introduced by (2.5), of the momentum im-
parting ions. In this manner a discharge specific internal velocity measure
of the momentum transfer procedure is established.
The resulting scaling number for the airflow influence on the plasma-
actuator discharge appears as
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K =
U∞
vd
, (7.6)
where K =ˆ
external velocity 1
internal velocity
.
Within the range of electric field strengths E of up to 107 V/m, which
are relevant for operative plasma actuators, the ion mobility µi (defined by
(2.6)) varies by only about ±10% and is almost the same for positive and
negative ions. Therefore, an average of µi ≈ 2 × 10−4 m2/Vs of published
data [12, 16, 47, 158, 195] is chosen as constant ion mobility value for the
drift velocity in (7.6).
The application of (7.6) serves as a reference value of the electric field
strength E for the determination of the drift velocity. For this purpose,
E0 =
V
d
(7.7)
is used following the approaches of phenomenological plasma-actuator
models (e.g. [107, 201]).
Both the operating voltage V and the dielectric thickness d are available
for any conducted experiment or numerical simulation, whereas an accu-
rate determination of the whole electric field distribution E(x, y) is rather
challenging for the geometry of plasma actuators. However, E(x, y) scales
linearly with the applied operating voltage V . For this reason E0 according
to (7.7) can be used as convenient characteristic of the operating conditions,
although it overestimates the field strength of the total distribution. This
overestimation appears as a constant factor for the entire range of K, and
therefore, the characteristics of K are unaffected by this simplification.
The resulting curves of relative performance ΠPA and corresponding per-
formance drop ΨPA , as a function of this novel scaling number K, are
plotted in Figure 7.9(b), opposing the conventional representation of Fig-
ure 7.9(a). The former operating voltage dependent discrepancies between
the experimental results of the performance drop vanish and the data fall
on top of one another. Similar to Figure 7.9(a), the arrow indicates the
voltage-wise orientation of the crosses representing the results of Exp4.
1It should be noted that alternatively the EHD number NEHD = I / (w2 ρ µU
2
∞
) is
used as a nondimensional number, when the ratio between momentum transfer and
airflow inertia is the desired measure (see e.g. Moreau et al. [156] or Soldati and
Banerjee [209]).
119
7 Influence of the Airflow Conditions
However, this arrow also denotes the characteristic behavior of the data
along the resulting universal curve. The direct comparison of Exp1 (V =
8 kV) and Exp2 (V = 12 kV) clearly shows that the higher operating
voltage not only leads to an improved performance drop resistance, but also
to lower values of the scaling number K, since V appears linearly in the
denominator of (7.6). Consequently, the operating voltage V corresponds
to a compression parameter along the universal Π−K curve, as indicated
by the arrow of Exp4.
To verify the universality of K as characterizing scaling number for the
performance drop at even higher Mach numbers, the resulting values of
ΠPA of Exp5 and Exp6 are plotted in Figure 7.10 together with the data
already shown in Figure 7.9. The result of Exp5 exhibits a significantly
steeper performance drop as compared to Exp6, although operated at a
higher voltage (Exp5: V = 13 kV, Exp6: V = 10 kV, see Table 7.22). The
higher voltage in the case of Exp5 is compensated by a thicker dielectric
(Exp5: d = 0.8 mm, Exp6: d = 0.4 mm), thus causing an even lower
electric field strength.
Similar to the representation of the low-speed experiments in Figure
7.9(b), the operating voltage and/or dielectric thickness dependent discrep-
ancies between the experimental results of the performance drop vanish and
both curves collapse in Figure 7.10(b). The data of the low-speed experi-
ments are repeated in Figure 7.10 to demonstrate the identical slope of the
Π−K curve for the entire velocity range.
Two conclusions can be drawn from the results of Figure 7.10: First,
it is demonstrated that the performance drop Ψ can easily exceed 30%
even at Mach numbers below 0.5, depending on the operating conditions of
the plasma-actuator setup. This serious reduction of the plasma-actuator
performance and corresponding control authority emphasizes that the cal-
ibration of any discharge based flow-control system (experimental or nu-
merical!) is of limited validity without being aware of the base flow sit-
uation, since the error of the estimated plasma-actuator performance in-
creases significantly with increasing deviation from the calibrated reference
flow speed. A calibration conducted in quiescent air and used in numeri-
cal simulations results in body force source terms, which are too large or
weaker than the expected control authority in the flow-control experiment.
2Exp6 is conducted as a blowdown experiment with varying pressure / Mach number
combinations. The value shown in Figure 7.10 represents the performance drop for
the characteristic time t2, where solely the adverse velocity influence is identified
under ambient pressure conditions. See Section 7.4 for more details.
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Figure 7.10: High-speed influence on the relative plasma-actuator perfor-
mance ΠPA and corresponding drop ΨPA (Exp1, Exp2, Exp4,
Exp5, Exp6); (a) as a function of free-stream velocity U∞
and Mach number M ; (b) as a function of the scaling number
K = U∞/vd.
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Consequently, even though it is common practice to neglect any effect
of the flow on the plasma actuator, the present results demonstrate the
invalidity of this assumption. Second, the limited comparability of the
Mach number based performance drop analysis is resolved with the scal-
ing number K. Representing the ratio of external and internal velocity, K
characterizes the performance influence of the entire measured parameter
combinations of airflow speed and electrical operating conditions on one
and the same curve. The two counteracting parameters V and d appear
as compression and stretching parameters for the performance drop char-
acterization along the curve, as indicated by respective arrows in Figure
7.10(b). Therefore, this novel scaling number K is a promising basis for an
improved and more universal comparison of airflow-discharge interactions.
7.2.3 Luminosity Analysis
The electrical results of Sections 7.2.1 and 7.2.2 have been cross-checked by
means of the luminosity analysis, as introduced in Chapter 4. Exemplarily,
the recorded gray values G(x) of the discharge-light emission of Exp1 and
Exp5 are shown in Figure 7.11. The corresponding gray-value isolines, as
used to calculate the resulting plasma length ∆x according to (4.5), are
highlighted in the diagrams. Further black isolines are included in the
diagrams in order to improve the readability of the gray value distribution.
Even though the reduction of the plasma length ∆x is very small at
Mach number M < 0.15, the performance drop can be identified from the
local gray value maxima. Apparently, the decreasing electrical performance
PA correlates with a decreasing peak intensity Ĝ for increasing airflow
velocities.
Similar to the power-consumption quantification, as discussed in Section
7.2.1, Figure 7.12 shows a detailed comparison of the actuator’s discharge
peak intensity Ĝ under quiescent air conditions (Exp3) and at a free-stream
velocity of U∞ = 50m/s (Exp4), according to the representation in Figure
7.7. The aforementioned offset between the results of Exp3 and Exp4 can
be identified from Figure 7.12 as well, which confirms the hypothesis that
electrical performance PA and peak intensity Ĝ are correlating with one
another.
As mentioned in Section 4.2, an achievement of quantitatively compara-
ble results based on the peak intensity Ĝ would require a careful calibration
of the light emission measurement setup. Consequently, a quantitative com-
parison of Π
Ĝ
for all experiments is not immediately possible, since the gray
value data presented in this Chapter was recorded with different equipment,
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Figure 7.11: Gray value distribution G(x) of emitted discharge light as a
function of free-stream velocity U∞ and corresponding Mach
number M for Exp1 (V = 8 kV, d = 0.4 mm) and Exp5
(V = 12 kV, d = 0.8 mm); the distance between the two
magenta lines corresponds the plasma length ∆x.
without the required calibration. The advanced post-processing strategies
presented here were developed after the measurement campaigns were com-
pleted. Nevertheless, from the comparison of Figures 7.12 and 7.7 it can be
concluded that the performance drop of plasma actuators under airflow im-
pact occurs due to the reduced discharge intensity of the operative plasma
actuator.
7.3 Simultaneous Investigation of Pressure and
Airflow
The close interrelation between breakdown voltage and ambient pressure
is well known from the Paschen curves, as shown in Figure 2.4. Above
the Stoletow point the breakdown voltage decreases with decreasing am-
bient pressure for a given geometry (see Section 2.1.2). Consequently, the
discharge intensity changes for changing ambient pressure p at constant
operating voltages V .
Abe et al. [1, 2] and Benard et al. [19, 20], for instance, report a signifi-
cant increase of power consumption PA and plasma length ∆x for decreas-
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Figure 7.12: Discharge peak intensity Ĝ as a function of operating voltage
V (a) and frequency f(b); Exp3: U∞ = 0 solid lines ( —– );
Exp4: U∞ = 50 m/s dashed lines ( - - - ).
ing pressure levels in the range of p = 0.2 − 1 bar. Benard et al. [19, 20]
furthermore identify the maximum mass flow rate of plasma-actuator wall
jets at pressure levels in the range of p = 0.4− 0.6 bar, which corresponds
to an altitude in the range of 5− 7 km (cp. Benard and Moreau [22]). Abe
et al. [1, 2] report a decreasing thrust Ft for decreasing pressure levels.
This statement is in contradiction to the reports of Versailles et al. [225],
where a decreasing body force Fb is reported for increasing pressure levels.
Pavon et al. [173] mention a pressure influence in combination with
their airflow impact reports when changing the plasma-actuator location
on an airfoil’s relative chord position x/c. Based on this sensitivity of
discharges to changing pressure levels, Chartier et al. [37] suggest an inverse
application of plasma actuators as pressure sensing devices. To combine
these previously reported insights of pressure sensitivity with the present
knowledge about the airflow influence on the plasma-actuator performance,
both parameters pressure and airflow were investigated simultaneously in
the vacuum tunnel [82] of the Technische Universität Dresden.
As an introductory illustration of the parameter space, extracts of the
unscaled camcorder snapshots of Exp8 and Exp9 are shown in Figures 7.13
and 7.14, respectively, representing the plasma actuator’s spatial discharge
distribution.
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Figure 7.13: Plasma-actuator discharge distribution (Exp8); extract of
unscaled camcorder snapshots; rows: constant pressure p,
columns: constant airflow velocity U∞; actuator dimensions
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Identical pressure levels are displayed in rows and identical airflow ve-
locities are orientated column-wise3. The quantitative results of electrical
and light emission experiments are presented in Sections 7.3.1 and 7.3.2.
Similar to the published images of Abe et al. [1, 2] and Benard et al.
[19, 20], the left columns of both images show the pressure influence on the
discharge intensity under quiescent air condition. Obviously, the (chord-
wise) plasma extent increases considerably for decreasing pressure levels.
Moreover, although the effect of the airflow velocity on the discharge distri-
bution is less salient at lower pressure levels (p = 0.1−0.3 bar), the adverse
influence can be recognized with the unaided eye.
7.3.1 Pressure Effects
Power consumption PA, plasma length ∆x and characteristic capacitances
C0 and Ceff, as obtained from Exp8 and Exp9, are plotted against the
pressure p for different velocities (U∞ = 0 − 100 m/s, M = 0 − 0.29) in a
joint performance diagram in Figure 7.15. At first glance, for all quantities
the set of curves of all velocities collapses to one and the same curve, which
confirms the preliminary finding, that the velocity influence is considerably
weaker as compared with the pressure effects. The values of either discharge
specific quantity are reduced by at least one order of magnitude as the
pressure level is increased by one order4. Note the constant values for the
cold capacitance C0 for all parameter combinations, which confirms the
discharge independent pure passive component character of C0 (cp. Section
3.4). Nevertheless, to neglect the adverse influence of the airflow with
respect to the stronger pressure effect would be an invalid oversimplification
as will be demonstrated in the following Section.
7.3.2 Superimposed Airflow Influence
To gain deeper insight into the airflow influence at varying pressure levels,
the recorded data have to be analyzed separately for the different pressure
levels. Exemplarily, the results of the data obtained from Exp8 for velocities
3Most images of Exp8 at higher pressure levels are not presented in Figure 7.13, since
neither the pressure effect nor the airflow influence are visible with unaided eyes.
Only a selection of three quiescent air results is included in the Figure for the sake
of completeness.
4This result was expected, since it is common practice in gas discharge literature [90,
100, 182] to quantify the involved phenomena in terms of E/p, i.e. the ratio of field
strength and ambient pressure. Consequently, a pressure reduction leads to the same
results as an increase of the operating voltage.
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Figure 7.15: Joint performance diagram showing the results of power con-
sumption PA, plasma length ∆x and characteristic capaci-
tances C0 and Ceff as a function of the pressure level p (Exp8,
Exp9); the respective sets of curves correspond to different
airflow velocities U∞ = 0− 100 m/s ( cp. Figure 7.16).
of U∞ = 0 − 100 m/s at p = 0.1 bar are shown in Figure 7.16, where
the measured quantities PA, ∆x, Ceff appear on the left ordinate in the
diagrams.
The accuracy of definition (7.1) for Πφ depends on the quality of the
quiescent-air value φ
∣∣
M=0
. Consequently, without further post processing
any quiescent air outlier would lead to unreliable curves of relative perfor-
mance. Following the findings of Section 7.2 for the lower and moderate
velocity range (M ≤ 0.3), a linear decrease of relative performance Π with
increasing flow speed can be assumed. To avoid a normalization based on
outliers, the regression line
φ∗(M) = φ∗
∣∣∣
M=0
+ βM (7.8)
is fit in a least-squares sense to every data set. Subsequently, all relative
performances are determined according to the modified definition (7.1), i.e.
Πφ =
φ(M)
φ∗
∣∣
M=0
, (7.9)
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Figure 7.16: Physical quantities φ and relative performance Π at p = 0.1
bar as a function of flow speed (Exp8); (a) power consumption
PA, (b) plasma length ∆x, (c) discharge capacitance Ceff; - -
- corresponding regression lines φ∗ (respectively Π∗φ).
where φ∗
∣∣
M=0
is the quiescent-air value of the regression line φ∗(M).
The normalized regression lines are determined according to
Π∗φ =
φ∗(M)
φ∗
∣∣
M=0
= 1 + ξφM, (7.10)
where ξφ =
β
φ∗
∣∣
M=0
(7.11)
is the relative slope of the performance.
The relative performances Πφ according to (7.9) are included on the
right ordinates of Figure 7.16 and the normalized regression lines Π∗φ are
included with dashed lines in the diagrams. Π and the corresponding drop
Ψ = 1 − Π of Exp8 are shown in Figure 7.17 as function of airflow speed
U∞,M , where the different pressure levels appear in separate diagrams.
The relative error (Πφ −Π∗φ)/Πφ of the regression-line fit is displayed in
Figure 7.18 for the entire parameter space. The top, middle and bottom
diagrams correspond to the power consumption PA (black), plasma length
∆x (red) and discharge capacitance Ceff(blue), respectively. Apart from
individual outliers the error is below 3% within the measured parameter
range.
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Figure 7.17: Relative performance Πφ and corresponding drop Ψφ as a
function of airflow speed U∞,M for different pressure levels
p (Exp8); - - - denote respective regression lines Π∗φ, Ψ
∗
φ. Note
the different ordinate scales in the two rows of diagrams.
It is obvious from Figure 7.17 that the airflow impact on the discharge
is not compensated by favorable pressure effects, since the relative perfor-
mance drop Ψ is clearly visible. Moreover, the adverse airflow influence on
the relative performance becomes more intensive at lower pressure level.
This result is more clearly demonstrated by the direct comparison of the
relative slopes ξφ, which are shown in Figure 7.19. The relative slopes ξφ of
all quantities PA, ∆x and Ceff, decrease for reduced pressure levels, corre-
sponding to a steeper decline of the relative plasma-actuator performance
Π.
Despite the improved discharge intensity at lower pressure levels, the
seemingly improved performance of the plasma actuators is accompanied
with a more pronounced drop of the relative performance. This insight
is especially important for flow-control applications with transient and/or
fluctuating flow situations, as for instance different altitudes, flight veloci-
ties or shock positions in case of transsonic conditions.
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Finally, it can be concluded that any advanced discharge based flow
control needs to take the adverse airflow impact into account. First efforts
to counteract these influences are presented in the following Section.
7.4 Online Characterization and Control
It has been demonstrated in Chapters 3-6 that the plasma-actuator perfor-
mance is characterized by many closely interrelating quantities. From these
interrelations conclusions have been drawn to identify the optimum operat-
ing conditions of a given plasma-actuator setup. Moreover, in Sections 7.2
and 7.3 the environmental influences (i.e. fluctuating or transient changes of
state variables and/or airflow speed) on this plasma-actuator performance
have been demonstrated. These influences result in a de-tuned setup of the
plasma-actuator, which consequently operates at unnecessarily high energy
requirements. The more important consequence is a significantly reduced
control authority of the actuator as a flow-control device.
To advance beyond this retroactive performance characterization and to
assure constant plasma-actuator performance, an online and in-situ eval-
uation of the performance is required. In a first step the performance
identifying approaches have to be modified such that the required data is
permanently obtained and processed to provide an online evaluation basis.
Then, in a second step any identified performance changes can be coun-
teracted in a closed-loop circuit, based on the known interrelations of the
involved quantities.
Therefore, efforts have been undertaken to develop and apply such an
online monitoring and controlling tool. The tool was tested by applying it
to an artificial flow situation of changing pressure and Mach number. First
preliminary results of these tests are reported in this Section.
7.4.1 Experimental Procedure
To implement a close-loop control of the actuator performance the existing
electrical plasma-actuator setup (see Figure 3.1) had to be modified. The
modified experimental procedure is sketched in Figure 7.20(a).
The electrical control circuit is built up using a computer based digital
oscilloscope (Picotech PicoScope4424, 4CHs, 2500p/Ch, 10MS/s) to record
the operating voltage V (Testec HVP-15HF, 1000:1) and the voltage Vp
across the charge probe capacitor Cp = 22 nF (LeCroy PP006A, 10:1).
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Figure 7.20: Sketch of experimental setup. (a) TVM wind tunnel test sec-
tion and overhead camera (CAM); (b) detailed view of elec-
trical plasma-actuator setup and closed-loop circuit compris-
ing function generator (FG), power supply (PS), high voltage
(HV) transformer, notebook (NB) and plasma actuator.
As before, the operating voltage V was generated by a high voltage
generator (GBS Elektronik, Minipuls2), which in the modified setup was
driven by a laboratory power supply (Voltcraft VSP 2410) and a function
generator (GW Instek, SFG-2004, fixed frequency: f = 12.0 kHz).
To retroactively verify the online evaluation, similar to the above experi-
ments Exp1-5 and Exp8-9 a CMOS camera (Phantom V12.1, 512×512 pix-
els, 24fps; Nikon 105 mm, AF Micro NIKKOR f/2.8D) was implemented
to record the spatio-temporal light emission of the discharge during the
power-consumption analysis.
Reproducibly changing airflow conditions for the conducted experiments
were achieved, operating the blow down wind tunnel TVM at constant
valve position, thus generating a blow down from initially M = 0.85 down
to quiescent air at changing pressure levels (p = 0.9− 1.4 bar).
The resulting time traces of the state variables static and total pressure
p, pt are shown in Figure 7.21 alongside the Mach number M . In Figures
7.21 and 7.22 three characteristic times are highlighted for p(t1) = pmax,
p(t2) = p0, p(t3) = pmin with the purpose of distinguishing pressure and air-
speed effects on the discharge performance. For the sake of completeness,
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the interdependency of pressure and Mach number is stated, i.e.
p
pt
=
(
γ − 1
2
M2 + 1
) γ
1−γ
, (7.12)
where γ is the isentropic exponent of gas (γ = 1.4 for two-atomic gases).
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Figure 7.21: Transient flow conditions during experimentation. Time traces
of static and total pressure p, pt, Mach number M ; character-
istic times are labeled as t1, t2, t3 (cp. Table 7.3).
Two experiments were conducted at identical flow conditions. In the
first experiment (Exp6 - monitoring mode) the performance changes for
a preset power consumption of P ∗A = 7.2 W were monitored online. In
the second experiment (Exp7 - controlling mode), a simple PD control
algorithm remote controlled the laboratory power supply of the electrical
plasma-actuator setup, thus closing the control loop.
The recorded data of operating voltage V and probe voltage Vp were
steadily forwarded from the scope to the notebook, where the online char-
acterization was processed. The determination of the consumed power PA
for monitoring or controlling purposes occurred again from voltage-charge
cyclograms, as introduced Chapter 3. According to (3.5) for every time
step ti the evaluation algorithm calculates the power consumption
P iA = f E
i = f
∮ ti
ti−1
QdV with Q = Cp Vp, (7.13)
The computation sequence was repeated in time intervals of ∆t = ti −
ti−1 ≈ 0.5 s.
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When using the diagnostic tool in closed-loop control mode, the algo-
rithm furthermore compares P iA with a pre-set power level P
∗
A and calcu-
lates the control signal
Ωi+1 = Ωi+1(Ωi, P iA, P
∗
A) (7.14)
for the next time step by means of a PD control algorithm, which is then
sent to the power supply (see Figure 7.20(b)). The light emission data is
used to retroactively validate the online diagnostic tool by means of the
temporal plasma-length evolution ∆x(t).
7.4.2 Results
The pre-set initial conditions of f = 12 kHz, V = 10 kV and p0 = 1.028
bar resulted in an initial power consumption PA = P
∗
A = 7.2 W for t < 0.
In Figure 7.22(a) the results of the monitoring experiment are depicted.
They clearly reveal the impact of the transient flow conditions on the ac-
tuator power PA. Immediately after the wind tunnel valve was opened
at t = 0 a power peak occurred due to an initial expansion wave pass-
ing the test section, which was followed by a significant performance drop
(PA = 4.8 W) once the blow down scenario was fully developed at t1 under
adverse pressure conditions at maximum airflow speed (see Table 7.3). At
decreasing Mach number and pressure at t2 a constantly reduced perfor-
mance (PA = 4.9 W) was observed, solely due to the impact of high speed
airflow (M = 0.75) at ambient pressure conditions p0, which agrees with
the reports of Section 7.2. The influence of the minimum pressure at t3
exceeded the adverse airflow impact (M = 0.69), which resulted in an in-
creased performance PA = 8.7 W as compared to the pre-set initial value
P ∗A = 7.2 W. This augmentation is in good agreement with the reports of
Abe et al. [1, 2] and Benard et al. [19, 20] and is furthermore confirmed by
the observations discussed in Section 7.3. Thereafter, for t > t3 all quan-
tities asymptotically returned to their initial values again. The plasma
length ∆x of the simultaneously recorded light emissions further confirms
the correctness of the online characterization of the power consumption.
For identical initial and airflow conditions the results of the closed-loop
control experiment are shown in Figure 7.22(b). The control algorithm
failed for the very strong initial power oscillation of the passing expansion
wave. Thereafter the performance drop was identified at t1 and the algo-
rithm counteracted this drop, as shown by the slope of the control signal
Ω. At t = 5.5 s the control algorithm collapsed for a single time step and
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Figure 7.22: Results of consumed power PA, operating voltage V , plasma
length ∆x and remote-control signal Ω for (a) monitoring and
(b) controlling mode of operation (cp. Table 7.3).
caused a power overshoot, due to an erratic signal. Apart from this peak
the algorithm successfully conducted a closed-loop control of the power
variations, which again is confirmed by the results for the plasma-length
∆x. Qualitatively, the slope of the remote signal Ω of the controlled case
directly mirrors the slope of the power PA of the uncontrolled case, as
demonstrated in Figure 7.23 in terms of the relative performance Π.
This direct comparison of uncontrolled performance ΠmPA and control sig-
nal ΠcΩ underlines the successful counteraction of the controller even in this
simple proof-of-concept approach. From this result the conclusion can be
drawn, that by means of steadily processed real-time performance data it
is possible to achieve a constant plasma-actuator performance during oper-
ation under fluctuating and transient flow conditions. This is an important
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Table 7.3: Measured data at characteristic times; m monitoring mode
(Exp6), c controlling mode (Exp7); The result of Exp6 at time
t2 has already been introduced in Section 7.2; cp. Figures 7.21
and 7.22).
p [bar] M PA [W] V [kV] ∆x [mm] Ω [V]
t < 0 1.03 0 7.2m,c 10.0m,c 2.9m,c 0.89c
t1 = 2.4 s 1.45 0.84 4.8m 5.7c 10.8m 10.1c 1.9m 1.6c 0.97c
t2 = 7.8 s 1.03 0.75 4.9m 7.5c 9.4m 10.2c 2.0m 2.8c 0.95c
t3 =14.5 s 0.89 0.69 8.7m 7.2c 10.3m 9.8c 3.3m 2.8c 0.78c
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Figure 7.23: Comparison of relative performancesΠPA obtained in monitor-
ing m and controlling c mode of operation; normalized control
signal ΠcΩ.
result implying significant consequences, since beyond the common pur-
pose of favorably manipulating the airflow, any advanced DBD-based flow
control system will necessarily require an appropriate closed-loop control
of the discharge device.
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8 Summary and Conclusions
In the present study the requirement of improved and extended strategies
to evaluate the performance of dielectric barrier discharge plasma actuators
has been met. Various existing and partly well established strategies have
been utilized and additional novel approaches to characterize and quan-
tify the plasma-actuator performance have been introduced, applied and
discussed extensively. Discharge specific quantities have been determined
from voltage-charge cyclograms (Lissajous figures) of the gas discharge,
partly in combination with light emission analysis. The momentum trans-
fer to the air has been investigated by means of a direct method, explicitly
measuring thrust and through velocity measurements. From the latter,
subsequent indirect force estimation approaches have been applied based
on fluid mechanic conservation equations in a comparative analysis. The
environmental impact on these characteristics has been studied and the
possibility of compensation of such disturbances has been outlined in an
example application. The main insights and conclusions of the different
investigations are recapped in the following sections.
8.1 Discharge Characterizing Quantities
In agreement with previous literature the power law PA ∝ V 7/2 is verified
to be appropriate for characterizing the relation between operating voltage
V and consumed actuator power PA. However, in contradiction to pre-
viously published results, the power law PA ∝ f3/2 has been observed for
the relation of power consumption and frequency f , which was formerly as-
sumed to be a linear relation. As a consequence of this insight, the present
work demonstrates that the consumed energy per discharge cycle is indeed
affected by the operating frequency.
For operation in a quiescent air environment an a priori prediction of
the performance can be achieved by means of a novel scaling number ΘA,
which incorporates new insights concerning the influence of actuator size,
operating voltage and frequency. For a particular configuration of the di-
electric material this number has a constant value for varying operational
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settings. Consequently, only one single experiment is required to determine
the value for ΘA.
The issue of power resonance interactions of the plasma actuator’s dis-
charge as an additional contribution to the load in the electrical circuit
has also been studied. In order to explain these resonance changes, a new
post-processing strategy is introduced, which is based on a statistical anal-
ysis of the slopes of the measured Lissajous figures. From this analysis
the two characteristic capacitances C0 and Ceff are extracted to quantify
the geometry specific cold capacitance and the discharge specific effective
capacitance of the plasma actuator, respectively.
From light-emission analysis of the discharge luminosity a close correla-
tion between the plasma size ∆x and the effective discharge capacitance
Ceff is identified. It is therefore concluded that Ceff comprises the real
electrode of a plasma actuator, characterized by C0, and a discharge spe-
cific virtual electrode size enlargement, which contributes to the effective
magnitude of the load by the discharge volume. Depending on the applied
operating conditions, the ratio Ceff/C0 exhibited values ranging between
2 and 6 for the plasma actuator materials and dimensions chosen in the
present work. Moreover it proved to be very sensitive against variations
of the operating conditions. Therefore, careful matching of the electrical
setups for the individual application is necessary, including knowledge of
the desired operating conditions. Any perfectly matched electrical circuit
immediately becomes de-tuned by only changing the power level, i.e. oper-
ating voltage or frequency, which consequently leads to a reduced electrical
efficiency η
E
.
8.2 Measures for Transferred Momentum
Simultaneously performed direct actuator thrust measurement by means
of a high-precision balance in combination with electrical and optical mea-
surements revealed a close correlation between the discharge characteriz-
ing quantities PA, Ceff and ∆x and the resulting thrust production Ft of
plasma actuators without the formerly required detailed knowledge of op-
erating voltage V and frequency f . Consequently, a combined analysis
of power consumption PA, effective discharge capacitance Ceff and corre-
sponding plasma length ∆x is suggested as a powerful means to character-
ize, quantify and predict the DBD based thrust production for flow-control
applications. In addition, the simultaneously obtained data were utilized as
a benchmark for implicit estimations of thrust and body-force production
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based on experimentally determined wall-jet velocity information.
Different integral and differential force-estimation approaches have been
successfully applied to identical PIV-based data of plasma-actuator pow-
ered wall jets. The post-processing strategies of several research groups,
each of which is available in literature, have been implemented to allow a
comparison of the respective approaches for identical raw data. The va-
riety of suggested force estimation approaches is apparently an issue of
available measurement techniques and the respective simplifying assump-
tions for the data processing. This comparative analysis, the discussion of
the corresponding simplifications and consequences for the resulting values
of the actuator force F and its distribution f(x, y) comprehensively re-
views recent progress on the topic of force term estimation of DBD plasma
actuators based on velocity-information.
It has been demonstrated that magnitude as well as the domain of the
force increases with increasing operating voltages V . In agreement with
previous reports about self-induced drag by Enloe et al. [62] the wall-shear
stress is identified as playing a key role for any force estimation effort. For
the observed parameter range it has been shown that 30% of the overall
imparted momentum is consumed by wall friction. From this insight the
conclusion must be drawn that it is of particular importance to carefully dis-
tinguish the terms induced ’actuator force F ’ and resulting ’actuator thrust
Ft’ when discussing the momentum transfer to the flow, since the imparted
force remains constant downstream of the discharge domain, whereas the
measured thrust decreases due to the increasing contribution of drag, as the
downstream location of the chosen control volume is moved downstream.
Moreover, a careful distinction between imparted momentum F and fluid
mechanic power P
FM
is essential, since the respective calculated effective-
ness η∗
FM
and efficiency η
FM
lead to different optimization strategies, as
demonstrated in a direct comparison. Due to the missing velocity informa-
tion in direct thrust measurements, it is strongly recommended that both
η
FM
and η∗
FM
are reported by research groups that characterize the momen-
tum transfer by means of implicit velocity-based determination strategies.
A deeper insight into the spatial distribution of the plasma-actuator force
is provided by two differential methods. Even though the two introduced
methods contain up to third derivatives of PIV data, reasonable agreement
with the results of the integral approaches is achieved. Detailed knowl-
edge about the spatial distribution of the volume force f(x, y) is essential,
when modeling the plasma-actuator for numerical simulations of various
flow-control scenarios. Therefore, the extracted force distributions consti-
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tute a valuable step towards successful prediction of both amplitude and
distribution of DBD-based volume forces for CFD applications.
The chordwise growth of the force domain with increasing operating
voltage has been identified to result from a cause-effect relation between
plasma presence and resulting volume force. Accordingly, a close correla-
tion of the discharge characteristics Ceff and ∆x and the length of the force
domain ∆xF has been demonstrated. This is a valuable result, since is will
improve the predictability of plasma-actuator force distributions based on
simple discharge luminosity measurement.
8.3 Environmental Impact
Continuing in the direction of previous studies [133, 172] the adverse ef-
fect of the airflow on the plasma-actuator performance has been investi-
gated. Normalization of the determined performances with the respective
quiescent air results allowed a quantitative comparison of the relative per-
formance Π and the corresponding performance drop Ψ = 1 − Π of data
performed at different power levels. It has been demonstrated that the
performance drop Ψ can easily exceed 30% even at Mach numbers below
0.5, depending on the operating conditions of the plasma-actuator setup,
which corresponds to a serious reduction of the plasma-actuator control
authority.
In addition, it has been shown that the plasma-actuator performance is
already reduced by almost 10% for Mach numbers M < 0.2. The identi-
fication of this drop is an important information, at least for lower veloc-
ity ranges. Obviously, it is essential to be aware of this reduction, when
thinking about plasma-assisted stall control of UAVs, for instance, since
10% loss in plasma-actuator control authority will become a major issue
for such flow-control scenarios. Therefore, particular care must be taken,
when the calibration of any discharge based flow control device is conducted
in quiescent air before it is subjected to the intended flow situation.
Furthermore, the performance drop Ψ affects the impedance of the elec-
trical setup as well, since the effective discharge capacitance of plasma actu-
ators is considerably affected by changing airflow velocities, which changes
the size of the load in the electrical circuit. Consequently, any plasma ac-
tuator flow-control system, which has previously been impedance matched
for a particular reference Mach number, can be considerably de-tuned by
simply varying the free stream velocity.
Based on the velocity ratio of the airflow speed U∞ and the ion drift vd
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a new scaling number K has been introduced. Representing the ratio of an
external and an internal velocity measure of the discharge, K characterizes
the performance influence of the entire measured parameter combinations of
airflow speed and electrical operating conditions on one and the same curve
in the ΠPA − K diagram. Consequently, this novel scaling number serves
as an improved and more universal basis for the comparison of airflow-
discharge interactions.
In accordance with literature [2, 19, 20] a strongly improved discharge
performance has been observed at reduced pressure levels p. Despite this
favorable effect, a more pronounced drop ΨPA of the relative performance
ΠPA has been shown for lower pressure levels. This finding is especially
important for flow-control applications, in which the pressure distribution
around the airfoil entirely changes with changing altitude of the aerial ve-
hicle or locally fluctuates due to oscillating shock positions and flow de-
tachment relevant for buffet and stall control application, respectively.
From observed environmental influences it is therefore concluded that
the calibration of any discharge based flow-control system (experimental
or numerical!) is of limited validity without being aware of the base flow
situation, since the error of the estimated plasma-actuator performance in-
creases significantly with increasing deviation from the calibrated reference
flow speed. A calibration conducted in quiescent air and used in numerical
simulations results in either body-force source terms which are too large or
a weaker than expected control authority in the flow-control experiment.
Even though it is common practice to neglect any effect of the flow on the
plasma actuator, the present work has demonstrated the invalidity of this
assumption.
In a first proof of concept it has successfully been demonstrated that
close-loop control of the electric circuit can assure a constant plasma-
actuator performance over a wide range of Mach numbers M and vary-
ing pressure levels. This is an important result implying significant con-
sequences, since beyond the common purpose of favorably manipulating
the airflow, any advanced DBD based flow-control system will necessarily
require an appropriate closed-loop control of the discharge device.
8.4 Concluding Remarks
The present work is the attempt to provide guidelines how to characterize
and quantify the performance of dielectric barrier discharge plasma actua-
tors for aerodynamic flow-control applications. An efficiency chain of the
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plasma actuator in terms of power-flow diagram from the energy source to
the flow-control success has been sketched, serving as an outline through-
out the study. Existing characteristics have been verified and several new
quantities and scaling numbers have been introduced and discussed exten-
sively. A final link in evaluating how efficient an actuator is in achieving
its goal concerns the actual effect on the overall flow manipulation, e.g.
transition, separation or circulation control. This final link has to be inves-
tigated specifically for each individual application, since each flow-control
purpose has its own guideline to characterize and quantify flow-control suc-
cess, corresponding to different definitions of power saving and saving rate.
It is recommended for future research efforts to systematically investigate
the influence of dielectric thickness and permittivity and the resulting C0
on the scaling number ΘA, since it is assumed that ΘA is a function of C0.
A combination of both characteristics would result in one universal scaling
number for plasma-actuator characterization, incorporating information of
the discharge state and the material properties. It is presumed that most
limitations of comparability and predictability of the plasma-actuator per-
formance will vanish by the application of such a number.
Finally, it is hoped that the present study is a helpful contribution to
an improved characterization, documentation and prediction of discharge-
based flow control in aerodynamic applications.
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Nomenclature
Latin letters
upper case
symbol SI unit description
A m2 enclosed area of example functions
ϕ1(t) and ϕ2(t)
ACV m2 area of CV
As V2 enclosed area of V and Vp
Ar – argon
C, C(t) F capacitance
Ca F actuator capacitance
Cd F dielectric capacitance
Ceff F effective capacitance
C+eff F effective capacitance of positive half-cycle
C−eff F effective capacitance of negative half-cycle
Cg F gas capacitance
Cp F charge-probe capacitance
Cp F capacitance of plasma
Ct F total capacitance
CVD F capacitance of volume discharge
C0 F pure passive-component capacitance /
cold capacitance
~E, E V/m electric field
~Eb V/m electric breakdown field strength
Ek Ws consumed energy per discharge cycle k
E0 V/m reference (maximum) field strength
Ei V/m electric field for time step i
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Nomenclature
F N=kgm/s2 steady force
F , Fi N plasma force
Ft N thrust
Fb N body force
Ff N friction force
F
(V )
i N volume forces
F
(S)
i N surface forces
G(x, t) – gray value as a function of chord and time
G(x) – spanwise averaged light intensity
Gb – gray value of background
Gp – gray value of light-emission peak
Gpeak – maximum gray value
Ĝ – relative discharge peak intensity /
– peak luminosity
H1, H2 m lengths of rocker
H2 – molecular hydrogen
He – helium
I, I(t) A electric current
Ii Ns=kgm/s momentum
Iinput A input current
J – number of raw images
K – scaling number
K – number of discharge cycles k
L, L1, L2 m actuator length
L(x, z, t) W spatio-temporal luminosity distribution
Lp H=Ωs inductance of plasma
M – Mach number
M kg sum of mass elements
N – number of images
Nz – spanwise number of gray-value informations
Ne – neon
NW – number of plateaus of W (t)
170
Nomenclature
N2 – molecular nitrogen
PA W power consumption / actuator power
PA,k W consumed power per discharge cycle k
P iA W Power consumption for time step i
P ∗A W pre-set power level
P
FM
W fluid-mechanical power
Pinput W input power
Ploss W power loss
P
S
W power saving
Q, Q(t) C electric charge
Qmax C maximum electric charge
R Ω electric resistance
Rg Ω electrical resistance of gas
Rp Ω resistance of plasma
S, S(t) m2 surface
T s period of periodic function
T K temperature
Te K temperature of electrons
Ti K temperature of ions
Tg K temperature of neutral gas
Tn K temperature of neutrals
T ′ eV kinetic temperature
T ′e eV kinetic electron temperature
Ui m/s flow fields snapshot
Umax m/s maximum wall-jet velocity
U∞ m/s free-stream velocity
V , V (t) V operating voltage (peak-to-peak)
V , V (t) m3 volume/ bounded volume
Vb V breakdown voltage (ignition potential)
Vbmin V minimum breakdown voltage
Vinput V input voltage
Vmax V maximum operating voltage (peak-to-peak)
Vp, Vp(t) V charge-probe voltage (peak-to-peak)
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Nomenclature
Vsupply V supply voltage
W (t) kg weight balance signal
Wn kg average of balance signals
lower case
symbol SI unit description
a∞ m/s sonic speed
d m electrode distance
d m thickness of dielectric
dN m diameter of nozzle
e C electron charge
f Hz=1/s operating frequency
fi kg/m2s2 volume-force density
fres Hz natural resonant frequency
fx kg/m2s2 chordwise force density
fy kg/m2s2 wall normal force density
g m/s2 acceleration of gravity
gj(x, z) – jth spatial gray-value distribution
g(x, z) – average spatial gray-value distribution
i – spanwise location (i ∈ Nz)
i, j, k – control variables of the coordinates
j – raw-image number (j ∈ J)
k kgm2/s2K Boltzmann’s constant
k – discharge-cycle number (k ∈ K)
ki, ~k m/s2 specific body force
m kg mass
n 1/m3 electron number density /
charge number density
n – nth plateau of weight balance signal W (t)
n – nth flow field Ui(x, y)
ni 1/m3 number density of ions
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ni – surface normal
nn 1/m3 number density of neutrals
p bar=kg/ms2 gas/static pressure
pmax bar maximum static pressure
pmin bar minimum static pressure
pt bar total pressure
p0 bar ambient pressure
t s time
ti, ti s time step i
t1, t2, t3 s characteristic time
ti, ~t kg/ms2 stress vector
u m/s velocity component in x-direction
ui m/s velocity (free index i)
umax m/s maximum velocity
u∗ – normalized velocity
v m/s velocity component in y-direction
~vd, vd m/s drift velocity
w1 m dimension upper electrode
w2 m dimension lower electrode
x m chordwise coordinate
xmax m maximum x-coordinate
xmin m minimum x-coordinate
y m wall normal coordinate
ymax m maximum y-coordinate
ymin m minimum y-coordinate
y∗ – normalized wall normal distance
z m spanwise coordinate
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Greek letters
upper case
symbol SI unit description
∆t s exposure time
∆t s computation sequence of control circuit
∆x m chordwise plasma length
(light-emission based)
∆xF m chordwise penetration length
(force-determination based)
∆Wn kg difference between two consecutive averaged
balance signals Wn
∆ρ kg/m3 maximal density deviations
∆φ – phase relation
ΘA s
3
2A
7
2 /W
5
2m scaling number
Πφ – relative performance of general variable φ
Πcφ – relative performance (controlling mode)
Πmφ – relative performance (monitoring mode)
Π∗φ – normalized regression line
Πφ – relative performance based on φ∗|M=0
Ψφ – relative performance drop of gen. var. φ
Ψφ – relative performance drop based on φ∗|M=0
Ω, Ωi – remote-control signal / for time step i
lower case
symbol SI unit description
α – degree of ionization
β – regression coefficient
δ m wall-jet thickness
δ1/2 m wall-normal distance of 50% wall-jet velocity
ε0 C/Vm permittivity of free space
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Nomenclature
η Pa s=Ns/m2 dynamical viscosity
η
E
– electrical efficiency
η
FM
– fluid-mechanical efficiency
η∗
FM
N/W fluid-mechanical effectiveness
η′
FC
– overall effectiveness of the plasma actuator
η′
S
– saving rate
λD m Debye length
λiDBD – species-dependent i
th wavelength
λ∗ m2/s bulk viscosity
µ, µe, µi m2/Vs mobility, of electrons, of ions
νm 1/s collision frequency
ξφ – relative slope of the performance Πφ
σG – standard deviation of gray values
σg – standard deviation of J light-emission
σPA – standard deviation of calculated power
σui – standard deviation of time-averaged velocity
distribution
σWn – standard deviation of weight balance signal
σ∆Wn – standard deviation of ∆Wn
τij Pa=N/m2 stress tensor
τw Pa=N/m2 wall-shear stress
ρ, ρ(~x, t) kg/m3 density
ρ kg/m3 mean density
φ – general variable
φ(t) – phase angle
φ∗ – regression line of φ
ϕ1(t), ϕ2(t) – example functions
ω , ωk , ωz 1/s vorticity
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Nomenclature
Mathematical symbols
symbol description
D/Dt material derivative, see (5.3)
eij deformation tensor, see (5.16)
δij Kronecker delta
ijk epsilon tensor, (permutation symbol)
Abbreviations
symbol description
AC Alternating current
AWC active wave cancelation
CAM camera
CCD Charged Coupled Device
CMOS Complementary Metal Oxide Semiconductor
CTA Constant Temperature Anemometry
CV control volume
DBD Dielectric Barrier Discharge
DC Direct current
DEHS Di-Ethyl-Hexyl-Sebacat
EHD electro hydro dynamic
Exp# experiment number #
GB Gigabyte
FG function generator
FOV fields of view
fps frames per second
HoWK Göttinger-type vacuum wind tunnel facility
HV high voltage
IA interrogation area
lam laminar
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Nomenclature
LC-circuit resonant circuit (inductor and capacitor)
LDA Laser Doppler Anemometry
max maximum
min minimum
NB notebook
neg negative
NSE Navier-Stokes equations
NWK2 Eiffel-type wind tunnel facility
OAUGDPTM One Atmosphere Uniform Glow Discharge Plasma
PIV Particle Image Velocimetry
pos positive
PS power supply
RF Radio frequency
ROI range of interest
SD Surface discharges
SNR signal-to-noise ratio
turb turbulent
TU Technische Universität
TVM blow-down wind tunnel facility
UAV unmanned aerial vehicle
VD Volume discharges
WB weight balance
2D two-dimensional
3D three-dimensional
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